Crystal collimation for LHC by Mirarchi, Daniele
Crystal collimation for LHC
Daniele Mirarchi
High Energy Physics Department
Imperial College
London
CERN
European Organization for Nuclear Research
Geneva
A thesis submitted for the degree of
Doctor of Philosophy
and the Diploma of Imperial College.
March 2015
2
Declaration
I certify that what reported in this Ph.D. thesis is based on my own original
work, and that all else is appropriately referenced.
Daniele Mirarchi
The copyright of this thesis rests with the author and is made
available under a Creative Commons Attribution Non-Commercial
No Derivatives licence. Researchers are free to copy, distribute or
transmit the thesis on the condition that they attribute it, that
they do not use it for commercial purposes and that they do not
alter, transform or build upon it. For any reuse or redistribution,
researchers must make clear to others the licence terms of this work.
3
4
Fatti non foste a viver come bruti,
ma per seguir virtute e canoscenza.
Divina Commedia,
Inferno, C. XXVI
5
6
Abstract
Future upgrades of the CERN Large Hadron Collider (LHC) may demand
improved cleaning performance of its collimation system. Very efficient colli-
mation is required during regular operations at high intensities, because even
a small amount of energy deposited on superconducting magnets can cause an
abrupt loss of superconducting conditions (quench). The present collimation
system has accomplished its tasks during the LHC Run I very well, where no
quench with circulating beam took place with up to 150 MJ of stored energy at
4 TeV. On the other hand, uncertainty remains on the performance at the de-
sign energy of 7 TeV and with 360 MJ of stored energy. In particular, a further
increase up to about 700 MJ is expected for the high luminosity upgrade (HL-
LHC), where improved cleaning performance may be needed together with a
reduction of collimator impedance.
The possibility to use a crystal-based collimation system represents an op-
tion for improving both cleaning performance and impedance compared to the
present system. A bent crystal can in theory replace primary collimators and
steer all halo particles onto one single absorber, providing better cleaning with
reduced impedance than the present multi-stage collimation system, which is
based on massive amorphous blocks of material that surround the beam.
Although promising results on the principle of crystal collimation were
obtained during experimental tests at the CERN Super Proton Synchrotron
(SPS), feasibility studies at the LHC are mandatory before relying on this
approach for future upgrades. The main goal of this Ph.D. thesis is the design
of an optimised prototype crystal collimation system for these tests in the
LHC, which has been installed during April 2014.
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Chapter 1
Introduction
Collimation systems are crucial in the latest generation of particle colliders,
where superconducting magnets are used to steer high energy and high inten-
sity beams. Uncontrolled beam losses during standard operations can cause
loss of their superconducting properties (i.e. a magnet quench), if not removed
efficiently.
Although the overall performance of the present collimation system was
more than adequate for the LHC Run I at 4 TeV with up to 150 MJ of stored
energy, future upgrades of the LHC call for improved performance of beam
collimation. Uncertainty remains also on the performance at the design energy
of 7 TeV and 360 MJ of stored energy, which will be increased up to about
700 MJ for the high luminosity upgrade (HL-LHC). Thus, improved cleaning
performance may be needed together with a reduction of collimator impedance.
The use of bent crystals as primary collimators represents a change of
paradigm compared to the present multi-stage collimation system, where beam
losses of up to 1 MJ are intercepted by primary collimators and outscattered
onto secondary collimators, both of them made of massive blocks of amorphous
material. In crystal collimation, primary collimators are replaced by bent
crystals that steer all halo particles onto one single absorber, providing in
theory better cleaning (for ion beams in particular) with reduced impedance
than the present multi-stage collimation system.
Although promising results on the principle of crystal collimation were ob-
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tained during experimental tests at the SPS, feasibility studies at the LHC
are mandatory before relying on this approach for future upgrades. The main
goal of this Ph.D. thesis is the design of an optimised prototype crystal colli-
mation system for these tests in the LHC. Based on the studies reported here,
this system has been installed during April 2014 in the betatron collimation
insertion of the LHC.
Since predictions for the LHC must rely on simulations, an important part
of this work was dedicated to set up, improve and benchmark simulation tools
that led to designs for the insertion of crystals in the LHC with minimum
impact on the present collimation layout, and to predict experimental scenar-
ios during tests at the LHC. This is achieved through detailed comparisons
between an improved crystal routine for collimation studies and experimental
data obtained with different beams available from the LHC injector chain. This
work started from an existing crystal routine that was significantly improved
in the light of new experimental data.
The theoretical framework needed for a clear understanding of the core
topics of this Ph.D. thesis is given in Chapters 2, 3 and 4, where the required
theory of high energy particle accelerators, interaction of charged particles with
bent crystals and beam collimation principles are introduced.
The simulation tools deployed in this work are described in Chapter 5,
where the physics and main improvements implemented in the crystal routine
used for collimation studies are described. This routine is made part of the
standard tools used for collimation performace study at the LHC for a direct
comparison with the present collimation system.
The benchmarking of the crystal routine itself is discussed in Chapter 6,
and performed through extensive comparisons with data obtained in single-
pass experiments. The main focus is on processes that take place when a bent
crystal is used as primary collimator. Both coherent and incoherent interac-
tions in bent crystals were probed, as well as the rate of nuclear interactions.
Comparative tests with other simulation tools (based on different theoretical
approaches) are used to test extrapolations at different energies, and limita-
tions of our crystal routine are also discussed.
The complete set of simulation tools used to perform crystal collimation
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studies in hadron machines is benchmarked with respect to data obtained in
the SPS, as described in Chapter 7. The main focus is given to comparisons
of beam loss rates in specific points of the SPS, crucial to acquire the required
confidence for predictions at the LHC. The results achieved in this benchmark-
ing also led to a new physics interpretation of the SPS experimental results.
The characterisation of the beam formed by channeled halo particles, useful to
set constraints on robustness and absorption power of an optimised secondary
stage, is also reported.
The design of a prototype crystal collimation system for experimental tests
in the LHC is discussed in Chapter 8. The main motivations, goals, design
constraints and final layouts for crystal collimation studies in the LHC are
described. An overview of the optimisation process of longitudinal positions
in the ring and crystal parameters is given, as well as a summary of the hard-
ware installed in the LHC. Performance of the present system is compared
with the proposed crystal collimation system at both injection and maximum
energy. Possible further improvements of performance using bent crystals are
also described.
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Chapter 2
Accelerator Physics
Accelerator physics is a very large subject, with a wide variety of accelerator
concepts. Despite the many acceleration techniques, only the physics of syn-
chrotron machines is treated here, because the studies described in this thesis
are performed on those machines, such as the Super Proton Synchrotron (SPS)
and the Large Hadron Collider (LHC) at CERN. The basic theory of high en-
ergy particle accelerators is introduced in this chapter. The main focus is given
to concepts useful for a clear understanding of the core topics of this thesis.
Wider and more complete treatments can be found in [16,17].
2.1 Introduction
Studies, reported later, are focused on the interpretation through simulations
of experiemental results achieved on the SPS in the framework of the UA9
collaboration, and on the design and prediction of the expected performance
of a crystal-assisted collimation system for the LHC, carried out in the LHC
Collimation team. Thus, an overview of transverse dynamics, crucial to under-
stand the trajectories of particles in an accelerator, is reported in Section 2.2.
The general solution of the equation of motion through a magnetic lattice is
derived in Appendix A. Longitudinal dynamics, essential to understand the
mechanism leading to the motion stability in a synchrotron machine, and the
production of off-momentum particles, is introduced in Section 2.3. The ef-
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Figure 1.2: Frenet–Serret Coordinate System
!s. The transverse particle location is given by !r = !r0 + xxˆ+ yyˆ.
Most accelerators are built in a plane so horizontal dipole fields can be ignored.
The vertical dipole field defines the design orbit of the beam with a local bending
radius of
ρ =
p
qB
(1.2)
where ρ is the local radius of curvature. The quantity Bρ = p/q is known as the
magnetic rigidity. Assuming that no longitudinal fields are present, the transverse
equations of motion can be written as
x′′(s)− ρ(s) + x(s)
ρ(s)2
=
By(x, y, s)
Bρ
p0
p
(
1 +
x(s)
ρ(s)
)2
(1.3a)
y′′(s) = −Bx(x, y, s)
Bρ
p0
p
(
1 +
x(s)
ρ(s)
)2
(1.3b)
where p is the particle momentum, p0 is the momentum of the reference particle, Bx,y
are the x and y components of the magnetic field, and the prime denotes differenti-
ation with respect to the s coordinate.
The magnetic field can be expanded in terms of field multipoles. To first order
6
Figure 2.1: Closed orbit (blue), and Frenet-Serret reference system (black and red)
fect of a momentum shift with respect to the reference value on the particle
trajectory, is discussed in Section 2.4.
2.2 Transverse dynamics
In principle, a strong focusing synchrotron machine can be composed only of
dipole magnets, quadrupole magnets and accelerating resonant cavities. Ver-
tical dipole magnetic fields, orthogonal to the particle direction, are used to
bend charged particles on a circular orbit. The ideal orbit of particles with the
reference momentum defines the so-called reference orbit, shown in Fig 2.1 for a
machine with an ideal dipolar field covering the full circumference. Quadrupole
magnetic fields are used to counter the natural and unavoidable divergence of
the inject d beam. However, they give rise to focusing of particles in one
plane nd to defocusing i the orthogonal plane. A sequence of or hogonal
quadrup le field is herefore needed, which form the basic structure of a mod-
ern accelerator: the FODO cell [16, 17]. Res nant caviti s are use to sup-
ply the energy lost by synchrotron radiation and to accelerate the particles,
through sinusoidal electric fields parallel to the particle direction, as discussed
in Section 2.3. The trajectory of a particle in the magnetic lattice is therefore
derivable using only Maxwell’s equations.
Let us first define a useful reference system to solve the equation of motion
in the planes transverse to the particle motion. It is called the Frenet-Serret
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reference system, and it is shown in Fig. 2.1. The Lorentz force acting on the
particles can be written as:
d~p
dt
= q
(
~E + ~v × ~B
)
, (2.1)
where ~p and ~v are the particle momentum and velocity, respectively. The
electric charge is indicated by q, while ~E and ~B are the electric and magnetic
fields, respectively. Here, the ~E field component transverse to the motion is
neglected as there are none in the simplified case considered. In the reference
system of Fig. 2.1, the equation (2.1) can be written as:
r¨ =
e
m
(
r˙ × ~B
)
. (2.2)
The general solution of this equation is given in Appendix A. It is interesting
to note here that for same ~B fields the particle motion is governed by the ratio
e
m
. This means that the same magnetic structure can be used to maintain
different particle species with the same e
m
ratio in the same stable orbit. This
is why it was possible for the LHC to provide colliding proton and lead ion
beams, with suitable settings of the ~B fields.
Another key parameter in a circular accelerator is what is known as mag-
netic rigidity, defined as:
R = Bρ =
p
q
, (2.3)
where ρ is the bending radius obtained with a certain dipole magnetic field
B, while p and q are the particle momentum and electric charge, respectively.
This equation determines the maximum energy reachable in a storage ring,
depending on its radius and the available strength of the bending magnets. For
the LHC case, the radius was fixed by the existing LEP tunnel (Large Electron
Positron collider), therefore to reach beams of 7 TeV beams superconducting
dipoles of 8.3 T are required.
The general solution of the equation (2.2) for a synchronous particle with
the reference momentum in a linear machine1, can be written as:
1i.e. only dipole and quadrupole are present.
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x′′(s) +
(
1
R2(s)
− k(s)
)
x(s) = 0 , (2.4)
y′′(s) + k(s)y = 0 , (2.5)
where 1
R(s)
and k(s) are the energy invariant dipole and quadrupole strengths
(see Appendix A), respectively. Equations (2.4), (2.5) are the so-called Hill’s
equations, and describe a pseudo-harmonic oscillator. Thus, the general solu-
tion of the particle trajectory is:
z (s) =
√
A βz (s) sin (ϕz (s)) , (2.6)
where z can be both x or y, βz (s) is the amplitude modulation coefficient,
and ϕz (s) is the betatron phase. The coefficient A is a key parameter intro-
duced later in this section (equation 2.11). Combining equation (2.6) with
equation (2.4) or (2.5), it can easily be shown that:
β′′z (s)
2
+Kz (s) βz (s)− 1
βz (s)
[
1 +
β′z (s)
2
4
]
= 0 , (2.7)
defining:
ϕz (s) =
s∫
0
ds′
βz (s′)
. (2.8)
These are valid in both planes, with the difference that Kx (s) =
(
1
R2(s)
− k(s)
)
and Ky (s) = k(s). The equations tell us that the function β(s) can be in-
terpreted as the local wavelength of the so-called betatron oscillations. It is
possible also to introduce:
αz (s) = −β
′
z (s)
2
, (2.9)
γz (s) =
1 + αz (s)
2
βz (s)
, (2.10)
36
156
 particle with area A
 particle with
 area A1< A
α(s)
γ (s)
z'(s)
z(s)
–
α(s)
β(s)–
 A β   (s)
 A γ   (s)
γ (s)
β(s)
Α
A
A
A
Figure A.3: Dimensions of the phase-space ellipse at a given location in the machine in function of
the corresponding Twiss parameters. Taken from [10].
It is convenient here to define the notion of beam emittance related to the area of the ellipse
as follows:
area of the ellipse = π · ϵ
One can define a statistical quantity, the root mean square emittance
ϵrms,z =
√
z2z′2 − zz′2.
From there, one can define the betatronic beam size σβz (s) and the beam divergence ωz(s)
(see Figure A.4):
σβz (s) = zmax(s) =
√
ϵrms,zβz(s)
ωz(s) = z
′
max(s) =
√
ϵrms,zγz(s)
(A.15)
To simplify the equation of motion (A.10) in the uncoupled case, the transverse co-
ordinates z, z′ can be normalized locally; starting from equation (A.14), one gets:
βz(s) · (z′(s))2 + 2αz(s) · z(s) · z′(s) + γz(s) · z2(s)
= βz(s) · [γz(s)
βz(s)
· z2(s) + (z′(s))2 + 2αz(s)
βz(s)
· z(s) · z′(s)]
= βz(s) · [γz(s)
βz(s)
· z2(s) + (z′(s) + αz(s)
βz(s)
· z(s))2 − α
2
z(s)
β2z (s)
· z2(s)]
= βz(s) · [(γz(s)
βz(s)
− α
2
z(s)
β2z (s)
) · z2(s) + (z′(s) + αz(s)
βz(s)
· z(s))2]
Figure 2.2: Phase-space ellip e that de cribes th particle motion at any machi e
location for given Twiss parameters.
where α (s), β (s) and γ (s) are known as either Twiss parameters or Courant-
Snyder parameters. These parameters are very useful to describe the particle
traj ctory in phase space a any machine location. By analogy with a har-
monic oscillator the particle trajectory is represented by an ellipse, shown in
Fig. 2.2, together with the relation between the ellipse and the Twiss param-
eters. The quantity A introduced in equation (2.6) defined as single particle
emittance is displayed here, being the area enclosed by the ellipse representing
the particle trajectory. Under certain assumptions, Liouville’s theorem states
that this area is a first integral of the particle motion. This is strictly valid for
conservative systems, while in real accelerators different mechanisms can lead
to the emittance growth [16,18,19]. However, this is beyond the scope of this
chapter. Thus, the single particle emittance is defined as:
ε = γz2 + 2αzz′ + βz′2 . (2.11)
Until now this quantity ε was referred to a single particle trajectory; neverthe-
less it can be used also to describe the physical dimensions of the entire beam.
Assuming a beam with a gaussian shape in the transverse planes, it is possible
to define:
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σz (s) =
√
εbβz (s) , (2.12)
and:
σz′ (s) =
√
εbγz (s) , (2.13)
where σz (s) and σz′ (s) are the rms betatron width and divergence of the beam,
respectively. The quantity εb is no longer referred to a single particle, but is
defined as the beam emittance in a statistical approach to the beam population.
In particular the beam εb is equivalent to the single particle ε that contains
66.6 % of the particle orbits in phase space.
The choice of the tune is crucial for beam stability in an accelerator. It
represents the number of turns in the phase space in one revolution of the
machine, thus it can be calculated as:
Qz =
1
2pi
ϕ (C) =
1
2pi
s0+C∫
s0
ds
βz (s)
, (2.14)
where C is the machine circumference. It is easy to see that if this parameter
is an integer or a low level rational number (i.e. 1/2, 1/3), it can lead to beam
instabilities because would be equivalent to a resonant oscillator. Thus, any
imperfection in the magnetic lattice will be added up in subsequent passages.
In principle the tune should be an irrational number in order to ensure a
desirable density of the trajectory in phase space. It means that in any passage
from any location in the machine the x and x′ of the particles will span the
full range of possible (x, x′) combinations, given by its ellipse in the phase
space. However, it is not possible to have an irrational tune. Hence, a high
value rational value, far from any resonance, is taken [16, 19]. This is a very
important concept called density of betatron motion, which leads to the key
multiturn process as will be clarified in the next sections.
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2.2.1 Transfer Matrix notation
The formalism introduced above is actually not used to describe real particle
trajectories (section 5.1). On the other hand, the Twiss parameters introduced
above can be used to describe the motion in an approximated matrix formal-
ism that will be used for a semi-analytic design of crystal collimation layouts
(section 8.4).
The Transfer Matrix allows to compute the coordinates of a given parti-
cle in every place of the machine, starting from any other location s of the
accelerator:
(
x (s2)
x′ (s2)
)
= M (s1|s2)
(
x (s1)
x′ (s1)
)
, (2.15)
The first step needed to derive M (s1|s2) is to write the general trajectory
solution, given in equation (2.6), as:
x (s) = a
√
β (s) sin (ϕ (s)) + b
√
β (s) cos (ϕ (s)) . (2.16)
Assuming knowledge of the coordinates (x, x′) at the location s1, it is possible
to obtain from the equation above:
a = x (s1)
[
sin (ϕ (s1)) + α (s1) cos (ϕ (s1))√
β (s1)
]
+ x′ (s1)
√
β (s1) cos (ϕ (s1)) ,
(2.17)
and:
b = x (s1)
[
cos (ϕ (s1))− α (s1) sin (ϕ (s1))√
β (s1)
]
− x′ (s1)
√
β (s1) sin (ϕ (s1)) .
(2.18)
Using the relations above in equation (2.16), it is possible to evaluate the
particle coordinates (x, x′) at the location s2, obtaining:
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M (s1|s2) =
 √β2β1 (cos(ϕ21) + α1 sin(ϕ21)) √β2β1 sin(ϕ21)
−1+α1α2√
β2β1
sin(ϕ21) +
α1−α2√
β2β1
cos(ϕ21)
√
β1
β2
(cos(ϕ21)− α2 sin(ϕ21))
 ,
(2.19)
where ϕ21 is the phase advance between the two s locations. It is easy to
demonstrate that:
M (s3|s1) = M (s3|s2)M (s2|s1) . (2.20)
If Twiss parameters are known around the ring, one can therefore transport
to any locations initial coordinates (x(s1), x
′(s1)).
For example, assuming that a kick is acquired by a particle from a crystal
placed at the longitudinal position s1, and, at their maximum betatron dis-
placement in the transverse plane, the coordinates of such a particle can be
written as: (
x1
x
′
1
)
=
(
x(s1)
−α(s1)
β(s1)
x(s1)
)
, (2.21)
and after a kick θ, they become:(
xk
x
′
k
)
=
(
x1
x
′
1 + θ
)
. (2.22)
Applying the matrix in equation (2.19) to transport them to location s2, it is
possible to show that:
x(s2) =
√
β(s2)
β(s1)
cos (∆ϕ21)x(s1) + θ
√
β(s1)β(s2) sin (∆ϕ21) . (2.23)
The first term represents the standard betatron oscillations, and an additional
offset due to the kick given by the crystal is present. The effectiveness of this
kick depends on relative parameters between the two points. In particular
the maximum displacement at s2 due to an angular kick at s1, is obtained
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for phase advance of ∆ϕ21 = pi/2. As introduced above, the equation (2.23)
has a crucial role on the first selection of suitable candidate positions for the
installation of two crystals in the LHC (section 8.4).
2.3 Longitudinal dynamics and stability
A synchrotron accelerator is based on synchronism of particles with the sinu-
soidal voltage applied to resonant cavities (RF), with frequency proportional
to the revolution rate. Therefore, what is changing during the acceleration in
such machines is not the strength of the electric fields but that of the magnetic
ones. The presence of a sinusoidal potential acting on the beam particles gen-
erates automatically stable regions called buckets. Here, particles are trapped
and form what is called a bunch. The main task of the RF is to supply both
the energy lost by synchrotron radiation and the energy needed to accelerate
particles (during the Energy ramp). As just mentioned, the energy gain of
each particle passing through such cavities is related to its time of arrival in
the RF, i.e. to the relative phase between particles and the RF. Thus, the en-
ergy gained by each particle on any passage through the RF can be expressed
as:
∆E = q V sin (φ (t)) , (2.24)
where q is the electric charge of the particle and φ(t) its relative phase with
respect to the RF, while V is the maximum RF potential. Unless during the
energy ramp, it is clear that the RF does not act on particles with the nominal
energy, since they arrive synchronously (i.e. φ(t) = 0) with it. Particles with
slightly different momentum gain and lose energy at any passage, performing
what is called synchrotron motion. To accelerate the beam, the strength of
the magnets is increased in order to obtain a shorter orbit before coming back
to the RF. This results in a higher revolution frequency, leading to an earlier
arrival in the RF followed by a gain in energy. This is shown in Fig 2.3, where
M and N represent particles with momentum above and below the nominal one,
respectively. However, this implies that for the synchrotron motion stability,
particles have to arrive in the RF with 0 < φ < pi/2, but this is not always the
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to follow the rest of the particles with respect to the synchronous one. The longitudinal
equations of motion using these two coordinates are writen:
d
dt
(
∆E
hωturn
) = k(sin(φ)− sin(φs))
d
dt
(φ− φs) = −k′( ∆E
h · ωturn )
, (1.12)
with k, k′ two constants and ∆E = E−Es the energy oﬀset which is normalised to the RF
frequency (being equal to an integer number h times the revolution frenquency ωturn).
The synchronous phase φs is taken at the centre of the bunch: a particle located at
this position will therefore receive the exact amount of energy to keep up with the increase
of the magnetic field. For particles around the synchronous one, it depends on a criteria
known as the slip factor χc which gives the variation of the revolution frequency versus the
change in momentum for a given particle:
dωturn
ωturn
= χc · dp
p
= (
1
γ2rel
− αc) · dp
p
,
where γrel is the relativistic factor between the energy of the considered particle and its rest
mass E0: γrel =
E
E0
. αc is themomentum compaction factor and can be roughly estimated in
terms of the horizontal tune as αc ≈ 1Q2x . A given particle is said below (respectively above)
transition when its γrel is smaller (resp. larger) than the transition energy γtrans =
1√
αc
.
 φs π − φs 
eV 
φ 
eVs  
M 
N 
stable synchronous particle for χc > 0
stable synchronous particle for χc < 0
Figure 1.4: Example of phase stability for particles around the synchronous phase φs. The cases
below and above transition energy are represented.
In Figure 1.4, considering the ”below transition” case, the particle N is in advance
compared to the synchronous particle. It will get a smaller acceleration, therefore a smaller
revolution frequency (χc > 0). The next time the bunch gets to the accelerating cavity, this
particle will be late compared to the synchronous particle (equivalent M position) and get
a larger acceleration, i.e. a larger ωturn: this particle is stable around φs. For the ”above
Stable synchronous particle for γ < γtr	

Stable synchronous particle for γ > γtr	

Figure 2.3: Phase stability principle for particles around the synchronous phase
φs, and particle energies above and below γtr.
case due to relativistic effects. First, consider the link between energy change
and momentum change:
∆p =
∆E
c
. (2.25)
The orbit variation induced by a deviation in momentum can be expressed as:
∆L
L
= αc
∆p
p
, (2.26)
where αc is called the momentum compaction factor. Now, the change of orbit
length must be correlated with the variation of revolution frequency, for two
reasons:
• Stronger bending fields make particles travel shorter orbits, i.e. the rev-
olution time is decreased
• The factor above is compensated by the increment of the relativistic
mass, which makes particles slower, i.e. the revolution time is increased
This principle is called phase focusing and it is treated in [16, 20]. It is easy
to foresee that at a certain energy the two factors above will compensate each
other. This can be expressed using the following equation:
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∆T
T
=
(
αc − 1
γ2
)
∆p
p
, (2.27)
where T is the revolution time and γ is now the relativistic one. This relation
tells us about the presence of two different regimes, defined by the so called
gamma transition (γtr), where the term in brackets vanishes:
γtr =
√
1
αc
. (2.28)
The two regimes are therefore defined as:
1. γ < γtr, i.e.
(
αc − 1γ2
)
< 0
2. γ > γtr, i.e.
(
αc − 1γ2
)
> 0
which means, in combination with equation (2.27), that:
1. particles with an energy below the nominal one (i.e. particles that need
to acquire ∆p
p
> 0 in the RF) will have a shorter revolution period with
respect to the nominal one (the opposite for particles above the nominal
energy). Thus, such particles have to arrive in the RF with a phase
0 < φ < pi/2 for stable synchrotron motion.
2. particles with an energy below the nominal one (i.e. particles that need
to acquire ∆p
p
> 0 in the RF) will have a larger revolution period with
respect to the nominal one (the opposite for particles above the nominal
energy). Thus, such particles have to arrive in the RF with a phase
pi/2 < φ < pi for stable synchrotron motion.
To ensure beam stability, the regime γ = γtr must be avoided at any time.
This is performed by making a fast (i.e. faster than the synchrotron oscilla-
tion period) phase shift of the RF, once that condition is achieved [21]. This
principle of phase stability is illustrated in Fig. 2.3.
Energy oscillations around the nominal value are possible and stable only
for particles with a small momentum deviation. This becomes clear looking
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20 3. Theory of Beam Loss and Collimation
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Figure 3.3: Example of trajectories in the longitudinal phase space for accelerated
particles. The centre of the RF bucket coincides with the synchronous phase ϕs
and the red line defines the separatrix delimiting the region of longitudinal stability.
∆Eb is the half height of the bucket [14].
and the time particles take before being lost depend on the mechanical aperture of
the machine and on lattice and beam parameters as described in the following.
3.2.1 Geometrical aperture and beam acceptance
The geometrical aperture Ageom of an accelerator is given by the physical space de-
limited by the vacuum chamber and by the different elements installed along the full
length (Lm) of the machine: i.e. beam screens, collimators, diagnostic equipments,
etc. In order to avoid losses, the geometric aperture Ageom at each location must be
bigger than the maximum oscillation amplitude of the beam particles. The maxi-
mum emittance that can be accepted by the machine is called “beam acceptance”
and is related to the geometrical aperture Azgeom in the considered plane z according
to the formula:
εmaxz = mins∈[0,Lm]
[
(Azgeom(s)− | Dz(s)(∆Eb) |)2
βz(s)
]
. (3.17)
Ideally, the vertical plane is dispersion free and the particles follow a pure beta-
tron oscillation. In this case the acceptance depends only on the ratio between the
minimum geometrical aperture and the maximum β-function.
Figure 2.4: Particles longitudional motion in the Energy-phase phase space, with
the separatrix of stable motion shown in red.
at the highly non-linear equation describing this motion in the phase-energy
phase space:
φ¨+
Ω2s
cosφs
(sin(φ)− sin(φs)) = 0 , (2.29)
where Ω2s is a constant. The motion described by this equation is illustrated
in Fig. 2.4, where the presence of stable and unstable regions is clearly visible.
The stable one is bounded by the so-called separat ix. Thi region defines
the energy acceptance of the machine, and is given by the full width at half
maximum of the RF bucket:
∆Eb = k
√
1−
(pi
2
− φs
)
tanφs , (2.30)
where k is a constant. For the LHC at 7 TeV with ωRF = 40MHz the accep-
tance of the machine is equal to ∆Eb = 3.53 · 10−4∆p/p [22]. Particles outside
this limit are considered off-momentum particle , and the only proc ss they
can undergo is to lose energy turn by turn due to synchrotron radiation. These
particles are very dangerous because they will be unavoidably lost around the
machine without control. One of the main tasks of a collimation system is to
intercept them before they are lost, and keep the leakage of such particles from
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the collimation insertion as low as possible. This will be clarified and further
discussed in Section 4.1.
2.4 Dispersion and its effect on trajectories
The orbit shift acquired by particles with a momentum deviation with respect
to the nominal one can be one of the main reasons for particle loss. Same par-
ticles experiencing same bending fields, but having slightly different momenta,
will be bent more (less) than the reference particle if their momentum is below
(above) the nominal one. In a similar way it is possible to define what is called
chromaticity, which is related to the focusing strength applied by quadrupoles
to particles travelling through them with slightly different momentum. The
chromaticity can be corrected using sextupole magnets, making the machine
non-linear and coupling the two transverse planes. Thus, the equations pre-
viously derived are not strictly valid for machines such as the LHC where
large non-linearities are present (octupoles are present too, for so-called Lan-
dau damping [23]), which have to be taken into account for realistic particle
tracking in such magnetic structures. However, this is beyond the scope of
this section: the key effects of this topic are described in Section 5.1, and are
extensively treated in [16,23].
The deviation from the reference momentum can be written as:
∆p
p0
=
p− p0
p0
. (2.31)
Considering dispersive effects in dipoles only, the equation 2.4 becomes (see
Appendix A):
x′′(s) +
(
1
R2(s)
− k(s)
)
x(s) =
1
R (s)
∆p
p0
, (2.32)
for which it is possible to find solutions in the form:
x (s) = xβ (s) +D (s)
∆p
p0
, (2.33)
where xβ (s) is the betatron amplitude for on-momentum particles and D (s),
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performs synchrotron oscillations according to
⌅ = as sin( s(t)) (2.11)
= as sin(2⌦Qst+  s0) (2.12)
where as is the synchrotron amplitude, Qs is the synchrotron tune and  s0 the
initial synchrotron phase. The RF cavities used to accelerate the beam are respon-
sible for this oscillation. If considering the momentum distribution of the beam, we
can use the rms momentum o set from the design momentum p0:
↵2p =
1
N
NX
i=1
(pi   p0)2 (2.13)
to express the synchrotron amplitude as:
as = ns
↵p
p
(2.14)
where ns is the normalized synchrotron amplitude of the particle.
z
z’
 : dispersion function
√−α βε
βε +z c√zmax=
γε + √
z c=Dδ
z’=D’δ
+ 
δ= ∆p/p : relative momentum offset
c
z’   =max z’c
z’c
D
Figure 2.2: Transverse z-z⌅ phase space. The orbit shown for a particle with a
relative momentum o set ⌅ =  p/p. The prime quantities are the derivatives with
respect to the longitudinal coordinate s.
The transverse displacement at the s position (equation 2.1) is then:
zT = nz
q
 ⇥ cos( z) + D · ns ↵p
p
sin( s(t)) (2.15)
Figure 2.5: Trajectory in phase space for particles with momentum shift δ =
∆p/p0, at an s location of the ring with value of dispersion function D.
the dispersion function, links the displacement to the momentum shift. As-
suming that the chromaticity given by the quadrupoles can be neglected, by
substitution of equation (2.33) in equation (2.32), one gets:
x′′β(s) +
(
1
R2(s)
− k(s)
)
xβ(s) = 0 , (2.34)
and:
D′′(s) +
(
1
R2(s)
− k(s)
)
D(s) =
1
R (s)
, (2.35)
where equation (2.34) is the trajectory followed by a particle with nominal
momentum, and equation (2.35) can be viewed as defining the trajectory fol-
lowed by a particle with ∆p/p0 = 1. It is therefore only necessary to add
the particular solution of the inhomogeneous equation to the general solution
found for the homogeneous one. In conclusion, an orbit shift term has to be
added to the betraton amplitude:
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xs (s) = D (s)
∆p
p0
, (2.36)
x′s (s) = D
′ (s)
∆p
p0
.
Thus the total amplitude is given by:
x (s) = xβ (s) + xs (s) =
√
βx(s)ε sin(ϕ(s)) +D (s)
∆p
p0
, (2.37)
x′ (s) = x′β (s) + x
′
s (s) .
The trajectory of particles with a momentum deviation is shifted proportion-
ally to their difference with respect to the nominal momentum, depending on
the value of the dispersion function at that point of the machine. An example
of the trajectory of such particles in the phase space is given in Fig. 2.5.
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Chapter 3
Crystal Channeling Physics
Crystal channeling is a property of crystals resulting from the extreme order
in which the atoms are arranged: the crystalline lattice. Coherent interactions
in crystals are a very wide subject with many applications; in this chapter an
introduction is given only to processes crucial for bent crystals used in particle
accelerators, i.e. planar channeling. A wider overview on channeling physics
can be found in [12,24].
3.1 Introduction
What is reported in the following sections forms the theoretical framework on
which the crystal routine described later (Section 5.3), crucial for the studies
reported in this thesis, is based. The main process that plays a key role in the
coherent steering of beam particles is planar channeling (CH) (Section 3.2),
which is in competition with what is called dechanneling (DC) (Section 3.3),
Figure 3.1: Face-centered cubic (FCC) crystalline lattice.
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Figure 3.2: Graphic illustration of planar channeling concept.
and both of them can take place either in straight or bent crystals. Then
effects induced by the bending itself, such as the volume reflection (VR) and
the volume capture (VC) processes are introduced in Sections 3.4 and 3.3,
respectively. Particular attention is also given to ionisation energy loss in
crystals (Appendix B).
3.2 Planar Channeling
At beginning of the twentieth century, physicists observed that a beam of
charged particles can emerge from crystals, rather than be absorbed completely
as happens in any other amorphous material of sufficient thickness. Driven by
these observations Stark [25] made the hypothesis that in crystals an ordered
internal structure is present. Thus, subsequent coherent interactions with such
a lattice can allow the particles to emerge from crystals. In amorphous ma-
terials the energy released by ionisation as a result of the large number of
random scatters leads to particle absorption. An example of crystalline lattice
is given in Fig. 3.1, it is a face-centered cubic (FCC) lattice characteristic of
silicon (Si) crystals. Only Si crystals are treated here, since they are the most
suitable candidates to be used as particle deflectors, given their well developed
manufacturing processes that lead to crystalline structures almost without im-
perfections [3, 26]. If this perfect crystalline structure is well oriented with
respect to the incident particles, they will see it either as ordered planes or
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rows of atoms. Thus, particles can undergo coherent scattering and become
trapped between planes (planar channeling) or on an axis (axial channeling).
Given the higher efficiency of the planar channeling compared to the axial one,
it is preferred for our applications (an illustration is given in Fig. 3.2). This is
strictly valid for positive charged particles, which are our main focus.
The theoretical approach reported in the following is based on a classical
treatment of interactions between particles and crystals, rather than using
quantum mechanics. This is justified by two main reasons:
1. As shown in Section 3.2.1 particles trapped between crystalline planes
oscillate in a harmonic potential. Therefore, their transverse energy is
quantized and the number of energy levels is given by [12]:
n =
dp
~
√
8
√
Umaxmγ , (3.1)
where dp is the distance between crystalline planes, Umax is the maximum
of the potential well, and mγ is the relativistic mass of the particle. Thus,
if n 1 it can be approximated as a continuous spectrum.
2. If the transverse de Broglie wavelength (λ = h/p, where p is the particle
momentum) is much smaller than the channel width, the tunneling effect
can be neglected.
At 120 GeV, the lowest energy in our experimental tests, one obtains: n ∼ 1013
and λ ∼ 10−17 m where Umax ∼ 20 eV and dp = 1.92 A˚ are used. Thus, the
two conditions above are always fulfilled by ultra-relativistic particles.
3.2.1 Straight crystals
In order to derive a theoretical formulation of channeling phenomena, the
potential between a particle and an atom is required. This can be found as-
suming the Thomas-Fermi model, according to which it is possible to describe
the potential as:
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Figure 3.3: Potential given by a single (110) silicon plane in the Molie`re approxi-
mation at room temperature.
V (r) =
ZiZe
2
r
Φ(
r
aTF
) , (3.2)
where Zie is the charge of the impinging particle, Z is the atomic number of
the target atom, r is the relative distance, and Φ( r
aTF
) is a Molie`re screening
function that takes into account the electronic cloud around the nucleus [27].
Lindhard [28] asserts that: “under the hypothesis of small impact angle of
the impinging particle with respect to the crystalline plane, we can consider the
average potential generated from the entire crystalline plane as a continuous
potential” given by:
Up(x) = Nd
∫∫ +∞
−∞
V (x, y, z)dydz , (3.3)
where x is the coordinate perpendicular to the crystal planes, N is the atomic
density, d the distance from the plane and V (x, y, z) is the potential in equa-
tion (3.2). Thermal agitation must also be taken into account. Considering
this motion as independent of the location in the crystal and using a Gaussian
spatial distribution for the atoms in the plane, the potential is given by the
average over this distribution. Then the potential seen by a positive charged
particle from an entire crystalline plane is illustrated in Fig.3.3.
Superimposing two planes, it is easily understandable that the potential
(close to the minimum) seen by a particle between them will be a harmonic
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Figure 3.4: Potential seen by a proton entering between crystalline planes at a
small angle. a) in silicon strip crystals where (110) planes are used, and with dashed
line its harmonic approximation. b) in silicon quasi-mosaic crystals where (111)
planes are used, with their characteristic ratio 1:3 of subsequent planes.
potential. This follows from the assumption that particles are influenced only
by the potential of the closest planes; thus the entire potential well affecting
the particle motion between crystalline planes can be approximated as:
U(x) ≈ Up(dp
2
− x) + Up(dp
2
+ x) ≈ Umax
(
2x
dp
)2
. (3.4)
The outcome of exact calculation and the harmonic approximation of the po-
tential above is shown in Fig. 3.4. It is worth introducing here the two main
families of bent crystals: Strip (ST) and Quasi Mosaic (QM) crystals. Both
of them use anticlastic forces to induce a secondary curvature on the planes
selected to steer the particles [3]. In ST crystals the secondary bending is
given to the (110) planes, while in QM crystals the (111) planes are used. The
main difference is that the (110) planes are equidistant, whereas a ratio 1:3
is present in subsequent (111) planes, leading to the potential in Fig. 3.4 a)
and b), respectively. This difference can be neglected in terms of channeling
efficiency if protons are channeled, while it may become significant in case of
channeling of heavy ions. The difference could be explained by the higher
probability to experience nuclear interactions when heavy ions are trapped in
the smaller channel of QM crystals.
Defining a reference system as in Fig. 3.5, it is clear that to experience
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Figure 3.5: Reference system for protons entering in between crystalline planes
with momentum p (in red, and components are shown in blue). a) Front face view
with harmonic approximation of the potential well, b) top view.
trapping the particles need a transverse momentum lower than the maximum
of the potential well. Thus, under the assumption of small impact angle θ  1,
it is possible to write:
θ = tan
pt
pl
' pt
pl
=⇒ pt  pl , (3.5)
where pt and pl are the tranverse and longitudinal components of the particle
momentum, respectively. The total particle energy, which is conserved, can be
written as:
E =
√
p2t + p
2
l +m
2c4 + U(x) ' p
2
t c
2
2El
+ El + U(x) , (3.6)
where El =
√
p2l c
2 +m2c4 is the longitudinal energy. It is also conserved, since
forces are acting only in the transverse plane. Therefore, it is possible to define
a conserved transverse energy as:
Et =
p2t c
2
2El
+ U(x) ' p
2
l c
2
2El
θ2 + U(x) ' p
2c2
2E
θ2 + U(x) = constant , (3.7)
where the approximations θ ' pt/pl, pl ' p and El ' E, are used. Thus, to
undergo planar channeling a particle needs to fulfil the condition:
p2c2
2E
θ2 + U(x) ≤ Umax . (3.8)
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Case Energy θc λ Rc
[GeV] [µrad] [µm] [m]
SPS coast 120 18.3 33.0 0.3
SPS coast 270 12.2 49.6 0.6
H8 400 10.0 60.3 1.0
LHC inj. 450 9.4 64.0 1.1
LHC top 6500 2.5 243.2 15.6
LHC top 7000 2.4 252.3 16.8
Table 3.1: Critical channeling angle (θc), oscillation period (λ) and critical bending
radius (Rc) for Si crystals at typical energies of interest for our purpose.
Assuming a particle entering in the middle of the channel, and using the re-
lation pc2 = vE where v is the particle velocity, the equation above can be
simplified as:
pv
2
θ2 ≤ Umax . (3.9)
Thus, it is possible to define a critical channeling angle (θc) after which par-
ticles cannot achieve stable planar channeling, even entering in such optimum
conditions. This angle depends on the particle momentum as:
θc =
√
2Umax
pv
. (3.10)
Some values of critical angles, for proton beams and Si crystals, are given for a
few energies of interest in Table 3.1: energies of SPS beam tests with coasting
beams, H8 extraction energy, LHC injection and top energy.
The equation of motion of a particle experiencing planar channeling can be
obtained from the second derivative of the equation (3.7), which leads to:
pv
d2x
dz2
+
8Umax
d2p
x = 0 , (3.11)
where the harmonic approximation of the potential given in equation (3.4) has
been used, together with the relation θ = dx/dz, where z is the longitudi-
nal coordinate. In these approximations, the particle will follow a sinusoidal
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trajectory, described by:
x(z) =
dp
2
√
Et
Umax
sin(
2piz
λ
+ φ) . (3.12)
The oscillation phase φ is determined by the conditions at the entry of the
crystal, and λ = pidp
√
pv
2Umax
is the oscillation period in the channel. Useful
values of λ are given in Table 3.1.
In conclusion, particles undergoing planar channeling will oscillate between
crystalline planes, in a relatively empty space compared to what is present in
an amorphous material. This is one of the most important features of crystals
used in a particle accelerator to coherently steer “unwanted” particles into a
massive absorber, as will become more clear in sections 4.2 and 4.3.
3.2.2 Bent crystals
When a crystal is bent, the behaviour of channeled particles does not differ sig-
nificantly compared to what occurs in straight crystals. One can demonstrate
that bent crystals can be simulated by adding a centrifugal force contribution
to the potential described in the previous section [12]. Therefore, the equation
of motion (3.11) is modified as:
pv
d2x
dz2
+ U ′(x) +
pv
R
= 0 , (3.13)
where pv/R is the term of centrifugal force in a crystal with bending radius
R. The trajectory performed between crystalline planes is still sinusoidal, but
ranges around a new equilibrium point due to the centrifugal force now acting
on such particles. Thus, it is possible to define an effective potential as:
Ueff (x) = U(x) +
pv
R
x . (3.14)
It is worth noting here the dependence of this potential on the particle energy
and the crystal bending radius. The effect of such a dependence is shown in
Fig. 3.6, where equation (3.14) is shown for straight crystals and two different
values of pv/R. From this picture it is easy to infer the presence of a critical
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Figure 3.6: Effective potential in bent strip silicon crystals. Solid line refers to
straight crystals, whereas dashed and dotted lines correspont to centrifugal forces of
pv
R = 1 and 2 [GeV/cm], respectively.
bending radius depending on the particle energy, after which the process of
planar channeling is no longer possible, because of the insufficient depth of the
potential well. The critical radius (Rc) can be understood as the radius for
which the centrifugal force is equal to the maximum interplanar field:
pv
Rc
= U ′ (xmax) . (3.15)
Thus the critical radius Rc for a given particle energy can be calculated from:
Rc =
pv
U ′ (xmax)
' pvxmax
2Umax
, (3.16)
where U ′ (xmax) ≈ 5 GeV/m in Si crystals [29], and is calculated in xmax =
dp/2−aTF and not in x = dp/2 because of the finite atomic charge distribution.
Useful values of Rc are given in Table 3.1.
The new equilibrium point can be derived using the assumptions of equa-
tion (3.4) (but using now xmax instead of dp/2) in the equation (3.14), which
gives:
Ueff (x) = Umax
(
x
xmax
)2
+
pv
R
x . (3.17)
Thus the minimum of the potential above will be at:
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Figure 3.7: Deflection given to particles channeled for the whole crystal length.
xmin = − pvx
2
max
2RUmax
= −xmaxRc
R
, (3.18)
In this condition, the reduced depth of the potential well1 can be calculated
as:
U bmax = Ueff (xmax)− Ueff (xmin) = Umax
(
1− Rc
R
)2
, (3.19)
and the critical angle in a bent crystal is modified as:
θbc = θc
(
1− Rc
R
)
. (3.20)
In conclusion the equation of motion for particles channeled between bent
crystalline planes can be written as:
x = −xmin + xmax
√
Et
U bmax
sin
(
2piz
λ
+ φ
)
, (3.21)
which describes a sinusoidal trajectory, as in straight crystals, but oscillating
around a new minimum xmin, with a different amplitude (xmax
√
Et/U bmax),
and same oscillation period λ. If the channeling regime is maintained for the
whole length of the crystal, the channeled particle is deflected by an angle
equal to the geometrical crystal bending:
1i.e. the maximum transverse energy for which channeling is still possible.
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angles –60
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. The calculation was per-
formed for a plate-bending radius of 1 m. Recalculation
for another plate-bending radius is performed by divid-
ing the coefficient 
 
k
 
9
 
 by this radius measured in meters.
Figure 3 shows the orientation of the plate coordi-
nate axes 
 
x
 
,
 
 y
 
, and 
 
z
 
 that corresponds to the cut angle 
 
ϕ
 
= 0
 
°
 
 with respect to the silicon crystallographic axes 
 
x
 
c
 
,
 
y
 
c
 
, and 
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c
 
 for a sample grown along the [111] axis. The
axes of the 
 
xyz
 
 system are parallel to the plate edges,
and the 
 
xz
 
 and 
 
yz
 
 coordinate planes are parallel to the
large faces of the plate and the (111) crystallographic
planes. The angle 
 
ϕ
 
 characterizes the possible rotation
of the plate about the normal to the (111) plane and is
measured from the 
 
y
 
 axis.
The calculated elastic quasi-mosaicity is determined
by the bending of the (111) crystallographic planes,
which is calculated for small strains as the difference
between the derivatives of the function that describes
the bending shape as calculated at the boundaries of the
crystal. This bending is expressed by the formula
 
∆θ
 
 = 2
 
k
 
9
 
T
 
,
where 
 
∆θ
 
 is the plane bending and 
 
T 
 
is the plate
thickness. It is seen that the elastic quasi-mosaicity
follows the dependence of the coefficient 
 
k
 
9
 
 on the
cut angle 
 
ϕ
 
.
On the basis of new calculations, a plate correspond-
ing to the maximum coefficient 
 
k
 
9
 
 was cut from single-
crystal silicon. The plate has sizes 60 
 
×
 
 20 
 
×
 
 0.43 mm,
and its orientation with the crystallographic axes is
shown in Fig. 3 [the (111) plane is parallel to the 60 
 
×
 
0.43-mm face]. The elastic quasi-mosaicity effect was
experimentally observed on a two-crystal x-ray diffrac-
tometer [8] by measuring rocking curves before and
after the bending of the plate to a cylinder.
Figure 4 shows the layout of the measurements. A
tested silicon sample in the passage position was used
as the first crystal, and a standard silicon crystal in the
reflection position was used as the second crystal. The
(111) crystallographic planes are diffracting planes in
both crystals. An x-ray tube with a molybdenum anode
was used as a radiation source. The beam incident on
the sample under investigation was formed using a dou-
ble-slit collimator, whose output slit had a width of
0.1 mm and a height of 5.0 mm. The angular divergence
of the beam is equal to 1
 
′
 
, which is much smaller than
the splitting of the fine-structure components. The
Bragg diffraction angle for the  line in the first
reflection order was equal to 6.5
 
°
 
, the natural width of
the  line was equal to 9.2
 
″
 
, and the accuracy of
determining the angular position of crystals was no
worse than 0.5
 
″
 
.
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 Bending of the (111) crystallographic planes upon
the bending of a silicon single-crystal plate to a cylinder of
radius 
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' characterizes the curvature in a plane
perpendicular to the main bend plane.
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Figure 3.8: Geometrical bending of a strip [3] (left) and a quasi-mosaic [4] (right)
crystal, together with typical dimensions of crystals used for tests in the SPS.
θb =
l
R
, (3.22)
where l is the crystal length, as shown in ig. 3.7. Obviously, this can only be
achieved with pure crystals where the crystalline planes maintain a uniform
bending along the whole crystal length, which is nowadays ensured by new
bending techniques [3,4]. An example of crystal bending in the case of ST and
QM crystals is shown in Fig. 3.8, left and right respectively.
3.3 Dechanneling and Volume Capture
When a particle is channeled between crystalline pl nes its transverse energy
is not conserved, due to the scattering by electrons and nuclei. Channeled par-
ticles might therefore vary their transverse energy at each interaction, and can
lose the condition for channeling if the interaction results in a total transverse
energy above the maximum of the potential well. This condition is referred
to as dechanneling (DC) and contributes to decrease the initial population
of channeled particles, as shown in Fig. 3.9. It is more likely to happen for
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Figure 1.9: “Transverse energy - transverse position” space for straight and bent
crystals. The red point indicates the initial conditions of the particle. The blue
arrow indicates a change in the transverse energy of the crystal. The dechanneling
e ect is illustrated.
- Negative transverse energy change: Volume capture
The volume capture of feed-in e ect is presented in Figure 1.8: the initial
state of the particle in the “transverse energy - transverse position” space is
indicated by the red point, for both straight and bent crystals. If the particle
loses some transverse energy (in one ore more collisions), it could be trapped
in a potential well, and then follow the crystal curvature: this e ect is called
volume capture. The collisions are most likely to happen when the particle
is close to an atomic plane (because the density of electrons is higher). The
probability of being trapped is higher if the energy required to be trapped is
smaller, that is if the particle is almost aligned with an atomic plane: for this
reason the volume capture is a competitor to the volume reflection e ect.
- Positive transverse energy change: Dechanneling
The dechanneling or feed-out e ect (in Figure 1.9) is the opposite of the volume
capture e ect. It is possible that a particle in channeled mode gains some
transverse energy in one or more collisions with the electrons. Obviously, in
total analogy with volume capture, the collisions are more likely to happen
where the electron density is higher, therefore close to the atomic planes. If
the energy gain is large enough, the particle can exit the channeling mode.
It can be shown [10] that, in a straight crystal, the number of channeled
particles decreases exponentially with the length of the crystal:
N = N0 e
 z/LD (1.20)
where LD0 is the dechanneling length ( for Si crystals, of the order of centime-
ters in the GeV-TeV energy range). Using the harmonic potential described in
Figure 3.9: Illustration of the dechanneling process.
particles with large transverse oscillations (energy already close to the maxi-
mum). On the other hand, a particle can enter the crystal structure with an
energy slightly above the potential barrier. If the interaction results in a total
transverse energy below the maximum of the potential well, a new energy state
compatible with a bounded motion betwe cr stalli e planes can be achi ved.
This process is called volume capture (VC) and is shown in Fig. 3.10. Thus,
the DC and VC processes can be considered as mutual to each other.
Let us now focus on the dechanneling process. As described above, chan-
neled particles can increase their transverse momentum because of scattering
from electrons in the channel, nuclei in the lattice or possible imperfec ions.
Given the well established manufacturing process, the presence of imperfec-
tions can b neglected [26]. As discussed i [12, 24], the DC process can be
described as an exponential decay of the initial population of channeled parti-
cles, which can be treated theref re as:
N(x) = N0 exp
(
− x
LD
)
, (3.23)
where N0 is the initial number of particles undergoing channeling, and N(x)
defines how many of them are still in the channeling regime after a path x in
the channel, for a given characteristic dechanneling length LD. Using diffu-
sion theory it is possible to derive the co tribution given by interactions with
electrons in the crystalline channel [24], leading to the characteristic electronic
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the curvature. In the bent crystal, as crossing the atomic planes, the kinetic energy
of the particle decreases: this is because the relative angle with respect to the atomic
plane direction decreases. If the crystal is long enough, the particle arrives up to a
plane where the particle is reflected back by the potential barrier.
1.2.3 Inelastic processes: volume capture and dechanneling
All the e ects presented up to now are compatible with the conservation of the to-
tal transverse energy, as defined in equation 1.8 for straight crystals and equation
1.15 for bent crystals. However, there is a probability larger than zero that, when
transversing the length of the crystal, the particle undergoes one or more interactions
that change its total energy or its direction. If this happens, the transverse energy
of the particle is not conserved anymore. In this section a qualitative introduction
to two e ects that can arise from a change in transverse energy of the particle is
given: the volume capture and the dechanneling e ect. A detailed description of
these e ects is beyond the scope of this thesis: a exhaustive overview can be found
in [10].
In this section we use the formalism introduced in Section 1.2.2.1, where the
reference system for bent crystals is introduced and the e ective potential is derived.
Both volume capture (Figure 1.8) and dechanneling e ects (1.9) require a change
in the transverse energy of the particle. Since a change in transverse energy is
associated not only with a total energy variation, but may be to a mere change in
the orientation of the particle, then both negative and positive changes of the energy
are possible.
Figure 1.8: “Transverse energy - transverse position” space for straight and bent
crystals. The red point indicates the initial conditions of the particle. The blue
arrow indicates a change in the transverse energy of the crystal. The volume capture
e ect is illustrated.
Figure 3.10: Illustration of the Volume capture process.
dechanneling length, which can be written as:
LeD =
256
9pi2
pv
ln(2mec2γ/I)
aTFdp
Ziremec2
, (3.24)
where I is the ionisation potential (I ' 172 eV in Si), Zi the electric charge
of the channeled particle with its relativistic γ, while re and me are, respec-
tively, the classical radius and rest mass of the electron. However, electronic
dechanneling only describes a “slow” dechanneling regime, due to the very
small variation in momentum from scattering with electrons in the channel,
leading to an incomplete treatment of the whole process. This is because hard
scattering on nuclei can lead to “fast” dechanneling as a result of a single in-
teraction. Therefore, a characteristic nuclear dechanneling length must also be
taken into account for a reliable parameterization of the entire dechanneling
process. This characteristic length for nuclear dechanneling can be derived by
appropriate scaling of the electronic value, based on fine tuning using experi-
mental data, as clarified in Section 5.3.1.
In the same way, a solid theoretical analysis is needed to describe the
probability that an incident particle will be captured in the crystal volume.
This can be found in [30], where the dependence of such a probability is derived
as a function of the particle energy E and crystal bending radius R, and can
be written as:
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PV C = k
(
R
Rc
− 0.7
)
E0.2 , (3.25)
where k is a constant tuned using comparisons between simulations and ex-
perimental data. When the particle is captured, it is treated as channeled and
the possibility of a subsequent dechanneling interaction should be taken into
account, as explained in Section 5.3.1.
3.4 Volume reflection
Particles that impinge on bent crystals with an incident angle in the range
θc < θ < θb, where θc and θb are the critical angle and bending angle of the
crystal, can experience what is called volume reflection (VR). Protons that
undergo this process are literally reflected by the interaction with the averaged
potential of crystalline planes. In particular the reflection takes place when
particles impinge on a crystalline plane with their momentum tangential to it.
The extension of the angular range over which this tangency condition can be
reached is determined by geometrical considerations only. It is clear that this
condition can be achieved quite easily by particles entering bent crystals2 with
an angle slightly above the critical one (where bounded states are no longer
possible). It is easy to infer that if particles enter a bent crystal with an angle
larger than the crystal bending, it will be impossible to reach a condition in
which the momentum is parallel to the crystalline planes. An example is shown
in Fig. 3.11.
For the reasons described above, one can expect that the reflection process
is intrinsically very efficient, with probability of reflection > 90% for particles
in the angular range just introduced [31]. This feature can be very useful if
one wants to use a crystal as particle deflector (average efficiency of channeling
∼ 60%); however the nuclear interaction rate of a reflected particle is five times
higher than for channeled one, as measured in [13] and clarified in Section 6.3.7.
The channeling efficiency can also be enhanced in storage rings thanks to
the multiturn process, achieving multiturn channeling efficiency comparable
2In direction of the bending.
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Table 1.1: Di erent e ects in a bent crystal as a function of the initial impacting
angle (⌃i) of the particle, and the kick ⌃k associated with each case. With ⌃c0 we
refer to the critical angle for the straight crystal, while ⌃c is the critical angle for
bent crystals. Only the e ects that satisfy the conservation of transverse energy
(equation 1.15) are listed. The angle in this table are calculated based on the purely
geometrical model described in the text.
Impacting angle E ect Kick
⌃i>⌃c no change in angle ⌃k=0
↵⌃i↵<⌃c channeling ⌃k ⌃ ⌃b
 ⌃c0>⌃i> ⌃c Reflection on the
first atomic plane
2⌃c < ⌃k<2⌃c0
 ⌃b ⌃c0>⌃i> ⌃c0 Volume Reflection 2⌃c < ⌃k<2⌃c0
⌃i< ⌃b ⌃c0 no change in angle ⌃k=0
It must be stressed that in this table only the e ects that satisfy the conservation of
transverse energy are listed.
The explanation of the volume reflection e ect using the conservation of the total
transverse energy is analogous. For understanding the analogy it is important to
remember that, if the total energy of the particle is fixed, its transverse kinetic
energy is proportional to the square of the impacting angle ⌃i (see equation 1.15). A
Figure 1.7: E ective potential for straight and bent crystals. The red point is the
initial condition of the particle. Volume reflection for bent crystals is shown.
picture of the particle in the “transverse energy-transverse position” space is shown
in Figure 1.7. The initial conditions of the particle are indicated by the red point,
and the red arrow indicates the initial direction of the motion toward the interior of
Figure 3.11: Illustration of the volume reflection process.
to the volume reflection in single pass, as shown in section 8.5. Another key
feature of the reflection process is how much the incide t angle is modified,
which is linked to the critical channeling angle in straight crystals. From simu-
lation studies [31] it was possible to derive that, for crystals with R Rc, the
average deflection given to reflected protons is ∼ 1.6θc. This has been experi-
mentally proven in [32], from which was possible to derive the dependence of
such deflections as a function of the important crystal parameters. A good de-
scription [30] that fits experimental data for both the average deflection (θV R)
and its spread(∆θV R), is:
θV R = c1 θc
(
1− c2Rc
R
)
(3.26)
∆θV R = c3 θc
Rc
R
(3.27)
where c1, c2 and c3 are empirical coefficients tuned to reproduce experimental
data, as explained in section 5.3.1. From these considerations it is clear that
the deflection given through volume reflection (∼ 1.6θc) is much smaller than
which can be achieved through planar channeling when a crystal is bent (∼ θb).
However, this can be solved by multiple reflections on several strip crystals,
called multi-strip [33], which are not treated here, and studies are ongoing
to achieve multiple reflections in single crystals, thereby avoiding problems of
misalignment between strips.
The best crystal procedure to fulfil the needs of specific tasks required from
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bent crystals in specific accelerator environments must be addressed balancing
the different issues: efficiencies, nuclear interaction rates, and deflections given;
of each suitable process.
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Chapter 4
Beam Collimation
The beam collimation system in large particle accelerators has an increasingly
significant role, which scales in importance with the collider performance. The
challenges and main roles of such a system are introduced in Section 4.1. An
overview of how beam collimation is presently performed in the LHC is given
in Section 4.2, including its main limitations and the baseline for possible
upgrades in the HL-LHC era. The main features related to the implementation
of bent crystals in a collimation chain are discussed in Section 4.3, together
with possible benefits and challenges.
4.1 Roles and challenges of a collimation sys-
tem in large hadron colliders
In large accelerating machines such as the LHC, superconducting magnets
are essential to achieve the magnetic strength required to reach the present
unprecedented energies in particle collisions. These magnets are very sensitive
to particle losses, which can be divided into two main types: continuous beam
loss, and accidental beam loss. Both of these can cause magnet quenches and
(accidental losses in particular) damage to accelerator components. The main
roles of a collimation system operating in such environment are [7]:
• Handle and safely dispose of particle losses, in order to minimize
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the risk of magnet quenches.
• Act as the first line of passive protection for the whole machine.
The large energy stored in the machine makes these tasks very challenging,
as discussed in sections 4.1.1 and 4.1.2. Moreover, other key roles are:
• Cleaning of physics debris products, needed to keep losses from
products of collisions at the interaction points below the quench limit of
the magnets in the matching section between the experimental insertion
and the arc of the machine (i.e. in the regions of the first dispersive
peaks where particles with different magnetic rigidity are lost at the first
passage, as explained in section 4.2.2).
• Concentration of radiation in specific points of the machine, in order
to allow easier access for maintenance of the rest of the accelerator.
• Local equipment protection, to improve the lifetime of sensitive ap-
paratus that would be significantly reduced in the event of exposure to
high levels of radiation.
• Beam halo scraping and diagnostics, where collimators are used to
probe, scrape, and shape the beam tails.
• Background optimization at the experimental point, which is not
a major issue in the LHC while it was one of the classical roles in previous
colliders such as the Spp¯S and Tevatron.
A more detailed overview of how all these tasks are fulfilled by the present
system is given in section 4.2, together with the main limitations imposed on
the global machine performance.
4.1.1 Continuous beam loss
In principle Liouville’s theorem ensures that particles are stable during their
orbits due to conservation of phase space area. Thus, in an ideal machine,
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particle loss would not take place. However, this is strictly valid only in con-
servative systems, while in real machines different mechanisms can lead to
emittance growth. The main ones are [34]:
• Intra-beam scattering, and with residual gas in the beam pipe.
• Beam instabilities such as collective effects, single-bunch instabilities,
beam-beam interactions.
• Transverse resonances.
• Collisions at the interaction points.
Each of the items above makes a contribution to the drift of particles from
the beam core to the tails, creating and continuously repopulating what is
defined as the primary halo. In particular, the beam core can be well ap-
proximated by a gaussian within the central 3 σ. This is not valid for the
beam tails, where magnet non-linearities have a significant impact. Thus, our
beam halo is defined as everything outside 3 σ. Such particles can ultimately
cause continuous beam losses, that the collimation system has to keep below
a certain level which can be calculated as follows.
A collimation system cannot be a “black absorber”, and a local cleaning
inefficiency (η(s)) can be defined as the number of protons lost per unit of
length (∆s) at any location of the machine (s), for a given number of particles
absorbed in the collimators (Nabs). Thus:
η(s) =
Nlost(s→ s+ ∆s)
Nabs
1
∆s
. (4.1)
A continuous rate of beam loss can be modelled assuming a finite beam lifetime
(τ), and the circulating intensity in the machine, as a function of time (t), can
be described as:
I(t) = I0 exp
(
− t
τ
)
, (4.2)
where I0 is the injected intensity. A conservative value of minimum life-
time throughout the operation cycle must be assumed in order to ensure
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the required cleaning in any machine condition. This has been estimated as
τmin = 0.2 h [35]. These two quantities, in conjunction with the quench limit
of superconducting magnets (Rq), give the maximum circulating intensity in
the machine for which safe operations are assured [34]:
Imax ≤ Rq τmin
η
, (4.3)
where η is the highest local cleaning inefficiency. Conversely, knowledge of the
maximum intensity needed to achieve the required accelerator performance
(i.e. in terms of luminosity at the interaction points), defines the maximum
acceptable local cleaning inefficiency. The design of a collimation system that
fulfils such a condition can be carried out using the simulation tools and meth-
ods described in section 5.2.
4.1.2 Accidental beam loss
These losses are not predictable, and can have a high destructive potential for
the machine components. The main sources are expected to be [34]:
• Errors during beam injection.
• Dynamic changes during operational cycles, such as energy ramps
and squeezes, which could induce local drifts of the beam orbit and in-
stabilities leading to fast and significant beam loss.
• Asynchronous beam dump: to allow the maximum current to be
reached in dedicated dipoles used to deflect the beam onto the dump
system, a space of 3 µs (abort gap) is present at the end of the bunch
train. If these magnets are not perfectly synchronized with the abort
gap, or any of them fails, the beam is no longer deflected as desired.
Thus, it would not reach the designated massive absorbers and would
cause an uncontrolled loss.
• Any wrong action from machine operators or incident that re-
quires a beam dump could induce the occurrences above.
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Parameter LHC LHC HL-LHC
run I run II design
Energy [TeV] 3.5 - 4 6.5 7
Bunch spacing [ns] 50 25 25
Bunch intensity [p] 1.7× 1011 1.15× 1011 2.2× 1011
Number of bunches 1380 2808 2748
Total intensity [p] 2.3× 1014 3.2× 1014 6.0× 1014
Stored energy [MJ] ∼ 150 ∼ 360 ∼ 670
Peak luminosity [cm−2s−1] 0.7× 1034 1.0× 1034 7.18× 1034
Table 4.1: List of some sensitive machine parameters for constraints on the design
of a collimation system. [1]
In order to protect the machine from such beam loss situations, collimator
jaws have to ensure full phase space coverage in any machine condition. Since
collimators are the closest objects to the circulating beam they must provide
a solid first line of machine protection. This therefore impose high level of
robustness on the various components of the collimation chain, in order to
withstand the very large deposited energy, as discussed below.
4.2 Present collimation system in the LHC
The need for a very efficient collimation system in the LHC can be understood
by considering the total energy stored in the machine. The relevant parameters
during the LHC run I, and the design values for run II and the HL-LHC era,
are given in Table 4.1. Bearing in mind that superconducting magnets at
a temperature of 1.9 K with a quench limit in the range of 50-100 mJ/cm3
are placed all round the machine, there is a factor in the range of 109 − 1010
between the total stored energy and what can be deposited on a magnet before
it quenches.
In order to protect and ensure the proper functioning of the machine in the
presence of this unprecedented stored energy, and to accomplish all the main
tasks introduced in the previous section, a very complex system is needed.
Including the transfer lines, a total of 54 collimators per beam are present
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Figure 4.1: Collimation layout along the whole LHC, for both beams.
(of which 50 are movable); the full layout is shown in Fig. 4.1. Two LHC
insertions are dedicated to collimation:
• IR3 for momentum cleaning, i.e. removal of particles with a large energy
offset (cut from δp/p ∼ 0.2 % for zero betatron amplitude).
• IR7 for betatron cleaning, i.e. continuous controlled absorption of halo
particles.
Collimators are divided into families depending on their usage, and are
composed of two symmetric and independent jaws (except the dump collimator
TCDQ) acting in the horizontal (H), vertical (V) and skew (S) planes. Different
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Functionality Name Plane Number Material
Primary IR3 TCP H 1 CFC
Secondary IR3 TCSG H 4 CFC
Absorbers IR3 TCLA H / V 4 W
Primary IR7 TCP H / V / S 3 CFC
Secondary IR7 TCSG H / V / S 11 CFC
Absorbers IR7 TCLA H / V 5 W
Tertiary IR1/2/5/8 TCT H / V 8 W
Physics abs. IR1/5 TCL H 2 Cu
Dump protection IR6 TCSG H 1 CFC
TCDQ H 1 C
Table 4.2: List of collimators in the LHC ring, per beam (collimators in the injec-
tion lines and for injection protection are not listed).
lengths and materials are used for each of them. An illustrative picture of
the working principle of the present collimation system is given in Fig. 4.2,
and the full list of collimators is given in Table 4.2. The present collimation
process is achieved by placing the jaws in a very precise pre-defined collimator
hierarchy, that must be maintained in any machine configuration to ensure
optimal cleaning by such a multi-stage process.
The core of the LHC collimation system is placed in the warm insertions of
IR7 and IR3, where primary collimators (TCP), secondary collimator (TCSG)
and absorber (TCLA) are present. Primary halo particles are intercepted by
three TCPs in IR7. Together with the TCSGs, the TCPs represent the closest
objects to the circulating beam. Thus, they must withstand the highest dose of
deposited energy without permanent damage. In particular they are designed
to tolerate lifetime of 0.2 h for 10 s [36], which corresponds to peak losses of 500
kW (LHC design scenario). For this reason they are made of robust carbon
fibre-carbon composite (CFC, 60 cm for TCPs and 1 m for TCSGs). The
high number of collimators and sharing of phase space coverage ensures that
the large level of losses is distributed between them, avoiding single overloads.
Regarding accidental losses, they are designed to survive without permanent
damage impacts of a full batch (288× 1.15× 1011 p) at injection energy, and
up to 8 × 1.15 × 1011 p at 7 TeV [37]. However, the low conductivity of
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Figure 4.2: Working principle of the present collimation system.
such a robust material, in conjunction with the small gaps between collimator
jaws, can be a limitation for an increase of circulating intensity in HL-LHC,
as explained in section 4.2.2.
Absorber (TCLA) and tertiary collimators (TCT) are placed at larger aper-
tures. The TCLAs are used to absorb hadronic showers developed in the first
two collimation stages, while TCTs are used to intercept the so-called tertiary
halo (i.e. what emerges from the TCSGs) and to protect IR bottlenecks, rep-
resented by the inner triplet at the interaction points with smaller β∗ (i.e. IP1
and IP5). Thus materials with higher stopping power, though less robust, are
required; in fact 1 m long jaws of tungsten are used. The settings of the TCTs
depend on the β∗ value at the IPs, which defines the minimum machine aper-
ture in the triplet magnets. To ensure adequate protection of such magnets a
retraction of 2 σ of the TCT with respect to this bottleneck is required (the
margin for possible transient orbit and optics drift). For example, during 2012
with a β∗ of 60 cm in IP1/5, the machine aperture at those triplets was about
11 σ [38]. Thus, TCTs were placed at 9 σ, and suitable settings of TCPs
and TCSGs were selected to ensure the correct collimators hierarchy in any
machine condition. Since smaller β∗ at the IPs would imply larger β values
at the TCT locations, smaller gaps of the whole collimation chain could be
needed. This could be a possible limitation for the HL-LHC, as explained in
section 4.2.2.
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in the DS, the rest of the cold machine experiences losses that are more than one order of magnitude 
smaller. 
 
Figure 2: Collimation cleaning measured at 4 TeV with β*=60 cm in IR1/5 in case of horizontal beam losses. Courtesy 
of B. Salvachua for the collimation team [9]. 
 Figure 3: Local IR7 losses from the graph in Figure 2. Courtesy of B. Salvachua for the collimation team [9]. 
In Figure 4, the achieved cleaning inefficiency as a function of time is given for the different loss map 
campaigns carried out in 2012 [9]. These are validation tests performed regularly during the run to 
monitor the system performance by generating on purpose high losses on the primary collimators in 
controlled conditions. The highest (worst) inefficiency measured at cold locations is given for each 
plane and beam. This defines the system performance reach in terms of its capability to protect cold 
magnets from quenches. Highest losses are always recorded at the DSs around IR7, consistently with 
the simulation predictions. The cleaning inefficiency is very stable throughout the year and remains 
typically below a few 10-4. 
It is important to note that this performance was achieved with one single beam-based alignment per 
year for the collimators in IR3 and IR7. This is a major achievement for a large and distributed system 
like the one deployed at the LHC. This result was achieved thanks to the excellent stability of the 
Figure 4.3: Example f a qualification loss map, for the LHC Beam 1 with 4 TeV
protons [5]. The signals from all beam loss monitors (BLMs) along the entire LHC
are shown, in black those placed on collimators, in blue those on superconducting
magnets, and in red those on warm magnets.
The collimators used to catch physics debris are called TCLs. They are
placed after the interaction points (in the beam direction), and composed of 1
m long jaws of copper. Settings are chosen to intercept collision products with
different magnetic rigidity.
The beam dump protection is provided by a TCSG placed in IR6.
All the collimators outside IR3 and IR7 are mainly involved in machine
protection, and their presence is independent of possible use of crystals as the
primary collimation stage, as discuss d in section 4.3.
4.2.1 Performa ce
This complex collimation syst has accomplished it tasks in an excell nt way
during LHC run I, where no quench with circulating beam took place, with
stored en rgies up to 70 times the previous state of the art [5]. However, the
performance of the system changes significantly depending on what is injected
into t e machine (see Fig. 4.4 and Fig. 4.6). An example of a qualification loss
map with protons is given in Fig. 4.3. The signals of all beam loss monitors
(BLMs) along the entire LHC are shown, colour-coded according to location.
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in the DS, the rest of the cold machine experiences losses that are more than one order of magnitude 
smaller. 
 
Figure 2: Collimation cleaning measured at 4 TeV with β*=60 cm in IR1/5 in case of horizontal beam losses. Courtesy 
of B. Salvachua for the collimation team [9]. 
 Figure 3: Local IR7 losses from the graph in Figure 2. Courtesy of B. Salvachua for the collimation team [9]. 
In Figure 4, the achieved cleaning inefficiency as a function of time is given for the different loss map 
campaigns carried out in 2012 [9]. These are validation tests performed regularly during the run to 
monitor the system performance by generating on purpose high losses on the primary collimators in 
controlled conditions. The highest (worst) inefficiency measured at cold locations is given for each 
plane and beam. This defines the system performance reach in terms of its capability to protect cold 
magnets from quenches. Highest losses are always recorded at the DSs around IR7, consistently with 
the simulation predictions. The cleaning inefficiency is very stable throughout the year and remains 
typically below a few 10-4. 
It is important to note that this performance was achieved with one single beam-based alignment per 
year for the collimators in IR3 and IR7. This is a major achievement for a large and distributed system 
like the one deployed at the LHC. This result was achieved thanks to the excellent stability of the 
Figure 4.4: Zoom of the collimation insertion in IR7, of the complete loss maps
shown in Fig. 4.3 [5].
The measured local cleaning inefficiency is defined as:
ηi =
BLMi
BLMTCP
, (4.4)
where i is the BLM index, which is normalised to the BLM with the highest
signal at the TCP location (about 3600 BLMs are present throughout the
whole LHC ring). This is because, to first approximation, the BLM signals
can be considered as proportional to the number of particles intercepted by
any aperture restriction. Thus, the signal at the TCP is proportional to the
total number of particles intercepted by the system at that location. The
relative signal of other BLMs indicates the number of intercepted particles
lost at any other location of the ring. As can be seen from Fig. 4.3, the
limiting location for the whole LHC is the dispersion suppressor (DS) in IR7
where a local cleaning inefficiency of about 10−4 is observed. A zoom of the
only collimation insertion in IR7 is shown in Fig. 4.4. The possible influence
of this performance on HL-LHC operations is discussed in section 4.2.2.
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Figure 4.5: Periodic dispersion function in the betatron collimation insertion of the
LHC Beam 1. The linear magnetic lattice is shown on top: red boxes are dipoles,
while blue boxes are quadrupoles. Vertical dashed bars indicate the location of
collimators: TCP in orange, TCSP in magenta, and TCLA in green.
4.2.2 Main limitations
The main limitation of the present collimation system, in terms of particle
loss, is represented by the level of cleaning inefficiency in IR7-DS. This is due
to protons experiencing single diffractive interactions in the TCPs. Such pro-
tons can emerge from the collimator jaw with their momentum modified only
slightly in direction, but significantly in magnitude. Thus, those protons will
be able to escape from the collimation insertion because the deflection given is
not adequate to reach the next collimation stage, but they are then lost as soon
as they reach the location of the first dispersive peak. The periodic dispersion
function in IR7 is shown in Fig 4.5. In IR7-DS the horizontal dimension of
the beam pipe is about 2 cm, while the maximum value of dispersion is about
2 m. Thus each proton given a momentum shift of about 10−2 will impact
on the geometrical aperture of the machine. This defines the acceptance of
an LHC arc as δp/p < 10−2. A local inefficiency of about 10−4 was sufficient
to operate the LHC efficiently during run I. However, an increase of about a
factor 2 in the total circulating intensity is foreseen for HL-LHC. Thus, for the
same collimation cleaning and primary beam loss conditions, a corresponding
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Figure 4.6: Zoom of the collimation insertion in the IR7 of Beam 1, but with lead
ions circulationg in the machine [6].
improvement of cleaning performance is needed to achieve the same losses in
cold magnets.
The situation changes significantly when ions are circulating in the ma-
chine. IR7-DS is still the limiting location of the whole LHC, but now the
local inefficiency is decreased to about 10−2, as shown in Fig. 4.6. The main
limitation in this situation is due to ion beam particles from dissociation and
fragmentation at the primary collimators. Although quenches did not take
place during run I, due to the lower stored energy (with respect to circulating
protons), more efficient cleaning of ion beams for HL-LHC is therefore needed.
In order to achieve the performance shown in Section 4.2.1, TCPs were
placed at a transverse aperture which is equivalent in millimeters to the ref-
erence settings at 7 TeV. It is an important milestone to demonstrate that
the mechanics and controls are adequate for the LHC beam size expected dur-
ing run II. However, these settings lead to about 2.1 mm as the smallest full
gap at the TCP. The main limitation induced by the large number of TCPs
and TCSGs surrounding the beam, with their low conductivity at such small
gaps, is increased impedance of the machine. In fact they represent more than
the 90% of the impedance budget of all the LHC components [39]. The cou-
pling with beam-beam effects can lead to instabilities, and significant losses
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factor 100 compared to CFC. The benefit on the impedance budget of the collimation system would 
be significant: in the relevant frequency range, impedance would be reduced to 10 % of the one of the 
CFC jaws (Figure 10).  
  
Figure 5: Photograph of a horizontal (left) and a skew (right) LHC collimator. The latter has the vacuum tank open 
to show the two movable CFC jaws. 
  
Figure 6: Photograph of the active absorber TCLA.B6R7.B1 as installed in the betatron cleaning insertion.  
 
   
Figure 7: New Carbon/Carbon collimator jaw with integrated BPMs at each extremity to be installed as secondary 
collimator in the dump insertion IR6. A detail of the BPM is given on the left side. A variant of this design, made with 
a Glidcop support and Tungsten inserts on the active jaw part, will be used for the tertiary collimators in all IRs. 
 
Figure 4.7: TCT jaws with an embedded BPM. [7]
were observed throughout the operational cycle. Indeed, with larger collimator
gaps and same beam-beam parameters, such losses were not present. Thus the
impedance problem could be enhanced in HL-LHC where even more circulat-
ing intensity is foreseen. A possible solution is to relax the collimator settings
and use larger gaps. However, this would influence the settings of the TCT
with a significant cost in terms of β∗ in IP1 and IP5, as explained previously.
4.2.3 Baseline for the HL-LHC upgrade
In order to overcome the main limitations described in the previous section,
some baseline solutions which improve different aspects of performance [7] are
described.
During LS1 all the TCTs were replaced by new collimators, with the same
features but with beam position monitors at both extremities of each jaw (Fig.
4.7). These components will provide online knowledge of the position of the
jaws with respect to the beam centre [40]. The main outcome is improved
operational flexibility of the system and hierarchy stability, with consequent
benefits for β∗ reach.
More robust collimators with a low impedance design could be provided by
rotary collimators [41]. They are composed of two round jaws with a 20 flat
facet (Fig. 4.8). Thus, if one of them is damaged, the jaws can be rotated and
a new facet can be exposed to the circulating beam. Moreover their design
achieves low-impedance using standard conducting material, and an active
cooling system is provided enhancing the sustainable power load.
With the same objective of providing more robust and low impedance col-
limators, studies on advanced materials are ongoing. These new collimators
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Figure 8: Photograph of the SLAC rotatory collimator prototype jaws before assembly in the vacuum tank. Courtesy 
of T. Markiewicz (SLAC). 
 
  
Figure 9: Left: SEM view of CuCD: 175µm diamonds surrounded by the Cu phase. The white spots on diamond 
surfaces are boron carbides (right). Right: Molybdenum-Graphite composite reinforced with Carbon Fibers. 
  
Figure 10: Collimation impedance versus frequency: impedance ratio between Mo coating on Mo-Gr (50 µm layer) 
and present CFC jaw. A secondary collimator is considered. Courtesy of N. Mounet. 
Figure 4.8: Picture of a rotary collimator. [7]
would rely on the present design, but use different material for the jaws. One
of the most promising composites is molybdenum-graphite. The main use-
ful features of such a material are the operating temperature, thermal shock
resistance and absorption capability. A significant reduction of resistivity is
obtained thanks to a coating of pure molybdenum.
The bas line for local cleaning i provements is based on insertion of ded-
icated collimators in specific locations. In particular losses in the dispersion
suppressors can be cured by replacing the present superconducting dipoles
with shorter ones (but operating with higher fields, i.e. 11 T) and a collima-
tor embedded in the middle. This design would also cure specific beam loss
features of the Achromatic Telescopic Squeeze optics [42], which will be used
in HL-LHC.
Also to improve the cleaning efficiency of the collimation system (and its
global perform nc ), advan e ollimation c ncepts are under study, such as
the hollow electron lens and crystal collimation. The hollow e-lens consists of
a hollow electron beam that surrounds the proton or ion beam. The concept
was successfully tested at HERA and the Tevatron, and could also be used
for active control of the diffusion speed of the beam halo in the LHC [43].
The main outcome would be the possibility to set collimators with larger gaps,
thanks to the controlled impact parameter from the enhanced diffusion speed of
the halo particles. However, studies of integration in the LHC are still ongoing
and an experimental test is not foreseen until LHC run III. The concept of
crystal collimation is extensively discussed in the next section.
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4.3 Crystal collimation
Despite the excellent performance of the present collimation system during
LHC run I, it might not be sufficient following future machine upgrades for
several reasons discussed in previous sections. Our main focus is possible im-
provements of the cleaning performance and impedance reduction, for which a
collimation system based on bent crystals as a primary stage is one of the most
promising approaches. The feasibility of such an innovative concept has been
demonstrated during the years 2009 - 2012 with experimental tests in the SPS
carried out in the framework of the UA9 collaboration [44–47]. The working
principle of such a system is shown in Fig. 4.9, which is based on coherent
steering of halo particles onto a massive absorber using crystal channeling. Ide-
ally, only one crystal per plane is needed, with an associated absorber. They
are placed at the edge of the beam envelope, and angularly oriented to position
the crystalline planes at the entry point parallel to the beam direction. This
would be the optimal channeling orientation, and crystals should be placed at
a location of the lattice where the divergence of the intercepted halo particles
is below the critical channeling angle.
This would still imply significant changes in the collimation insertions, but
other features of the present system oriented towards machine protection would
remain as they are.
4.3.1 Main improvements
The main gains of such a collimation system with respect to alternatives, would
be:
• More compact system.
• Significant reduction in inelastic interactions at the first collima-
tion stage.
• Large deflections given to primary halo particles.
• Important decrease of the machine impedance due to contribu-
tions from the collimation system.
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Figure 4.9: Working principle of a crystal collimation system.
All the items above should allow enhancement of overall machine perfor-
mance such as an increase in the circulating intensity, i.e. luminosity delivered
at the experimental points. In principle, the main reasons are:
• A more compact system would be easier to handle and help in concen-
trating losses in a controlled and smaller area, i.e. going from a few
hundred metres to less than one hundred.
• The reduced probability at the primary stage of single diffractive events
in the case of protons, and fragmentation or dissociation in the case of
ions, can mitigate significantly the main limitation of the present col-
limation process. According to simulations shown in section 8.7.2, an
improvement of cleaning efficiency of a factor between 5 and 10 is ex-
pected in IR7-DS, with respect to the present collimation system.
• A large deflection from a single passage through a bent crystal would
imply faster cleaning, allowing also a larger transverse aperture of the
following collimation stage. In principle only a single massive absorber
per crystal would be needed. This would imply a drastic reduction of the
contribution to the impedance budget of the machine, since only a few
mm of silicon and a few absorbers surround the beam. Even though the
presence of more secondary collimators is required for reasons of phase
space coverage for machine protection purposes, the larger gaps that
could be used should also lead to a significant reduction of impedance.
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However, important challenges must also be overcome before relying on
this concept for future machine upgrades. They can be addressed only by
undertaking experimental tests in the LHC itself, which are foreseen during
LHC run II.
4.3.2 Main challenges
The main questions to be addressed before committing to such a innovative
approach to beam collimation as a baseline for the HL-LHC upgrade are:
• Can crystal collimation really improve the present, already very good,
cleaning system?
• Can crystal collimation ensure stable performance in any machine con-
figuration (i.e. injection, ramp, squeeze, collision)?
• Is crystal collimation compatible with safe operation in any beam con-
dition?
• Do crystal properties, observed so far at lower beam energies, scale to
the LHC energy as expected?
In order to allow conclusive evaluation of these issues during the first ex-
perimental tests, extensive studies were carried out to design a layout for the
insertion of two crystals in IR7 of the LHC beam 1. These studies are further
discussed in chapter 8, together with more details regarding the possible ap-
plication of crystal collimation at the LHC. Other important challenges could
be:
• Damage to the crystalline structure: this could occur because of
an accidental beam dump on the crystal, or due to accumulated radia-
tion dose during normal operation as a primary collimation stage. The
worst accident that could take place is an asynchronous beam dump on
a few mm long silicon crystal, and preliminary experimental tests were
performed at the HiRadMat facility at CERN [48]. The main outcome
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is that such crystals survive without causing pollution that could seri-
ously degrade the primary vacuum of the LHC [49]. However, further
experimental tests are foreseen to investigate how much the crystalline
structure is damaged [49]. Deterioration of crystalline properties due to
operation as a primary collimation stage can only be tolerated if consis-
tent performance is achieved each year. A negligible change in perfor-
mance has been observed for crystals installed in the SPS. Even though
they are significantly stressed during tests, these crystals are used only
for a few days per year. However, other estimates can be made by looking
at observations by the NA48 experiment, where crystals were exposed to
a radiation level equivalent to about five years of operation as a primary
collimator in the LHC. The energy deposited during those tests led to
a decrease of channeling efficiency by about 30 % [50]. Thus crystals
could withstand operational doses but should be replaced at each long
shutdown. Both of these experimental results can be explained by the
fact that what is really dangerous for our purpose is the energy given to
the crystalline structure. This is mainly due to ionisation energy loss,
because the remainder of the energy lost in the crystals goes into pro-
duction of hadronic showers. For the LHC case, energy loss by ionisation
from 7 TeV protons in misoriented silicon crystals is of the order of few
MeV, while that deposited by lead ions is of few GeV. Thus, imperfect
orientation with respect to the beam envelope must be avoided at any
time, particularly when ions are injected in the machine. This is be-
cause many passages through the crystal in such an orientation would
be needed before accumulating a deflection sufficient to reach the next
collimation stage. In case of an asynchronous beam dump, crystals are
essentially transparent, and the rest of the collimation system will act as
machine protection.
• Large amount of energy released in a very small spot on the
front face of the absorber used to catch the channeled halo. Using the
studies reported in section 7.3.1, at the highest energy a spot with surface
of few millimeters square is expected. From considerations in Section 4.1
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a peak of continuous loss of 1 MW during 10 s must be sustained while
ensuring correct functionality of the system (HL-LHC design scenario).
This would imply the need to develop a massive absorber to act as a
mini-dump. However, solutions to overcome this problem during the
first experimental tests were found and are discussed in chapter 8; the
development of such a mini-dump is beyond the scope of this thesis and
further studies will be carried out in parallel to the first tests in the LHC.
• System stability: although a more compact system with fewer objects
to align and control could be devised, the performance achieved by the
present system (shown in section 4.2.1) is obtained with only one series
of alignments per year. Given the very small critical channeling angle
at 7 TeV (Table 3.1), very high stability and excellent reproducibility of
the ensemble of beam orbit and optics, coupled with angular stability of
the goniometer which holds the crystal, are needed (at the µrad level).
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Chapter 5
Simulation tools
One of the most important parts of this PhD work is simulation studies.
They are used to reproduce and interpret key experimental results obtained
in crystal-assisted collimation tests performed at the SPS (chapter 7) and to
design and predict the performance of this innovative collimation method ap-
plied to the LHC (chapter 8), after detailed benchmarking of the modelling
of the particle interactions with bent crystals (chapter 6). These studies are
particularly challenging and demanding in terms of computing power, as ex-
plained in section 5.1. An overview of how they are presently carried out by
the LHC Collimation Team is given in section 5.2, together with a description
of the main outcomes leading to evaluation of the performance of such a col-
limation system. The physics models implemented in the crystal routine for
these studies are discussed in section 5.3.
5.1 Simulation challenges for predictions of
cleaning performance
In large accelerating machines such as the LHC, the prediction of how particle
losses are distributed throughout the whole ring is crucial. This is mainly be-
cause superconducting magnets are used, and energy deposited in them could
cause quenches that must be avoided at any time. Thus, specific simulation
tools have been developed and are constantly being improved (section 5.2).
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As discussed in section 2.2 a synchrotron machine could be composed of only
dipoles, quadrupoles, and resonant cavities. Such an accelerator would be a
linear machine, and particle tracking along the magnetic lattice could be per-
formed using only the linear transfer matrix (2.19). However, this is not the
case for machines like the LHC, where large non-linearities (magnets up to
octupoles are present) have a significant impact on the beam halo dynamics.
Moreover, accurate modelling of the synchrotron motion is crucial for adequate
evaluation of the dynamics and generation of off-momentum losses.
It is easy to understand that the results of interactions with obstacles along
the particle trajectories are a mandatory feature of any simulation tool that
aims to carry out collimation studies. As explained in section 4.2, a very
complex multi-stage collimation system composed of about fifty collimators
per beam is present in the LHC. To adequately evaluate losses of the order
of 10−5, statistics of 106–107 particles intercepted by the collimation system
are needed; these particles are tracked for 200 turns for reasons explained
in section 5.2. Therefore, it is clear that very fast simulation routines are
crucial to describe interactions with collimator jaws, and to obtain results in a
reasonable computing time. Using the tools introduced in the next section, a
complete simulation of the standard collimation in the LHC takes a maximum
of eight hours, running on a dedicated cluster where up to a thousand cores
run simultaneously.
In the case of studies on crystal-assisted collimation for the LHC, the re-
quirement to have a very fast routine that describes the interaction of protons
with a bent crystal is even more critical. This is because, as explained in sec-
tion 8.7, beam losses of the order of 10−6 are expected, meaning that statistics
of more than 107 protons intercepted by the crystal are needed. Moreover,
when a crystal of a few mm of silicon is acting as a scraper (i.e. the crystal
is not oriented for optimal steering of halo particles by crystal channeling),
particles have to be tracked for about 3000 turns before being absorbed by the
collimation chain, mainly due to the small angular spread given by multiple
Coulomb scattering. Protons must traverse such a misoriented crystal many
times in order to accumulate a kick that is enough to reach the next collimation
stage. Therefore, a crystal routine suitable for such complex and demanding
86
simulations has to determine the interaction experienced by any proton based
on just a few extractions of random numbers.
Last but not least, an accurate model of the machine aperture is unavoid-
able to evaluate adequately beam losses that could be dangerous for the accel-
erator, as better explained in the next section.
5.2 Collimation tools
The standard tool used at CERN for collimation studies is based on the single
particle tracking code named SixTrack [51]. It performs a symplectic1 six-
dimensional and fully chromatic tracking of protons through each element of
a magnetic lattice, with the capability of handling magnet non-linearities up
to twentieth order. The SixTrack code is written in Fortran 77 and was orig-
inally developed to study non-linearities and the dynamic aperture in circular
accelerators. Over the years it was modified in order to track large numbers of
particles, also taking into account interactions with collimator jaws. This led
to a collimation version of SixTrack [52–54], in which a routine that treats the
interactions of protons with bent crystals was implemented. The main inputs
required to simulate any machine and collimation layout configuration are:
• The machine optics, which are generated using the code MAD-X [55]. Here
the strength of each magnet and the sequence of elements is defined,
together with the main beam parameters (energy, tune, chromaticity,
emittance, ...).
• A collimator database [53], where the specifications of each collimator
are present (aperture, length, material, ...)
• A “fort.3” data file [51, 53] for the tracking parameters (mainly how
many protons for how many turns, with which energy and their initial
distribution).
The required optics file uses a thin lens approximation, which means that
each magnetic element is divided into an adequate number of slices (i.e. the
1First integrals of the motion are conserved.
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differences compared to thick lens optics are negligible), and collimators are
defined via a marker placed at their centre. The number of particles and their
distribution, specified in the “fort.3” file, are generated at the starting point
of the magnetic sequence and tracked for the desired number of turns. Thus,
a beam halo distribution is directly tracked, rather than generating a beam
core that then drifts to the collimators by diffusion. This approach is preferred
because of the very low diffusion rate [56] that would imply tracking particles
for many thousands of turns before they hit a primary collimator, making the
simulations unfeasible due to the computational time required. It means that
what is obtained with these tools can be interpreted as a picture of a beam
loss pattern for a given halo intercepted by the collimation system. Hence,
it is crucial that every simulated proton intercepted by primary collimators
is absorbed in a collimator jaw before the tracking ends. This is achieved by
simulating a sufficient number of turns as explained in section 5.1. What is
described above is the first simulation step, where only the tracking along the
magnetic lattice and the interactions with collimator jaws are generated. To
obtain what is really interesting for collimation studies, i.e. the beam loss
pattern along the whole machine, two post-processing steps are applied to the
tracking outputs:
• The trajectories of intercepted protons by collimators are stored in the
file “tracks2.dat”. This file, together with an accurate model of the
machine aperture, is given as input to the code BeamLossPattern [8].
The main task of this simulation step is to check whether the trajectory
of each proton has intercepted the beam pipe.
• A third code named CleanInelastic [57] is used to flag particles that
are absorbed in any collimator after intercepting the beam pipe (i.e. are
absorbed in a later turn than when the geometric aperture is touched).
These events are removed from the absorbed particles at a given colli-
mator.
The machine aperture taken as input from the BeamLossPattern code has
a resolution of 10 cm along the ring circumference. Hence, it gives as output
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from the first elastic interaction with a collimator, the trajectory is saved at
each element of the optics, until an inelastic interaction occurs or the code
executes the total number of turns specified in the input file.
2. Inelastic interactions, e.g. ionization, excitation of the jaw material [58] and
inelastic point-like interactions. This shower, however, is not calculated by In
this case SixTrackconsiders the original particle as “absorbed” and removes
it from the tracking. The 6-D coordinates of the particle at the inelastic
interaction point are stored in a dedicated output file.
Figure 3.2: Example of a trajectory of a particle lost in the mechanical aperture, as
calculated by the BeamLossPattern program, from [59].
Since SixTrack does not have an aperture model embedded in the code (due
to CPU limits), a post processing of the data is necessary to find the particles
which are eventually lost in the mechanical aperture of the machine. The compar-
ison between the particle trajectories and the aperture model is performed by the
BeamLossPattern code [59]. Both in case of the LHC and the SPS a detailed aper-
ture model of the whole machine, not including collimators and protection elements,
is available. For the aperture loss locations, a precision of 10 cm along the longitu-
dinal coordinate can be achieved (Figure 3.2 [59]).
After a series of secondary codes and scripts used to process the SixTrack data,
the final outputs of our simulations are:
1. The coordinates of the inelastic interactions, which are used as an input for
shower calculations and energy deposition studies. These can be performed by
any particle physics Monte-Carlo simulation code (at CERN for collimation
studies FLUKA [60, 61] is used). For the standard collimation cases it is a com-
mon procedure to estimate with FLUKA the energy deposition at the collimator
Figure 5.1: Example of the trajectory of protons intercepted by the collimation
system in IR7 of LHC Beam 1, and lost on the machine aperture [8].
the s locations where protons have intercepted the beam pipe around the whole
machine (i.e. the beam loss pattern) with such precision. An example of what
is produced by this code is shown in Fig. 5.1. A better overview of the meaning
of this output is rovided in section 5.2.2.
5.2.1 The scattering routine
When a proton tracked by SixTrack intercepts a collimator jaw along its
path, a dedicated routine is called to simulate the results of interactions that
can take place. A description of the initial routine based on the K2 code is
given in [58]. This routine is regularly upgraded. A detailed discussion of
the physics models implemented, and the latest improvements, can be found
in [59] and [60], respectively. In this sectio only a list f the interacti ns
treated is given. The same concepts and models have been implemented in a
new scattering routine used by the crystal routine described in section 5.3.
The interactions present in the scattering routine can be divided into two
families: nuclear point-like and continuous interactions.
• Continuous interactions:
– Multiple Coulomb scattering, where particles are stochastically scat-
tered from components of matter.
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– Rutherford scattering, which takes place when particles have a small
impact parameter on the material constituent leading to a larger
scattering angle compared to Coulomb scattering.
– Energy loss by ionisation, i.e. the energy released to atomic elec-
trons along the path inside the material.
• Nuclear point-like interactions:
– Deep inelastic scattering, where the incident protons “disappear”.
The hadronic shower produced is not simulated and the proton is
considered as absorbed in the collimator jaw at that spatial point.
– Nuclear elastic scattering: protons emerge from the interaction with
their momentum altered only in direction, but with a value that can
be significantly larger than from Coulomb scattering.
– Proton-proton and proton-neutron elastic scattering. The results of
these interactions are the same as the previous item, but are in this
case a consequence of the interaction with an atomic constituent.
– Single-diffractive events, where protons emerge with their momen-
tum only slightly altered in direction but significantly changed in
magnitude.
5.2.2 The beam loss pattern
As explained previously, the final goal of the full simulation process is to obtain
the expected beam loss pattern, for a given optical and collimation layout. This
can be understood as a “static” simulation, i.e. a picture of how the beam
losses are distributed around the whole machine for a given halo intercepted
by the collimation system. It means that what is obtained is not the expected
signals in beam loss monitors (BLM) placed in the ring, but the number of
protons lost per metre. The BLM signals and the beam loss pattern obtained
can be considered as proportional to each other to a first approximation. To
reproduce the expected BLM signals, the development of hadronic showers and
the solid angle seen by the detectors must be taken into account. Screening
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Figure 5.2: Example of a simulated beam loss pattern obtained for the LHC beam
1 using the present collimation system with a 7 TeV proton beam.
caused by material between the point where the protons are lost and the BLMs
can also be non-negligible, and the interactions with the detectors themselves
must be simulated. This is performed at CERN by coupling the SixTrack
output with the FLUKA code [61], as explained in [62]. Comparative studies of
the beam loss pattern obtained with different collimation systems and layouts
are made in this thesis. Depending of the collimation configuration used, if a
cluster of losses that generates a given signal in a BLM varies only in terms of
number of protons lost and not in distribution, the factors needed to calculate
the expected BLM signal will be the same. Thus, the beam loss pattern alone
is sufficient to perform relative studies because these conversion factors are
simplified, i.e. the expected ratio between BLM signals due to two collimation
configurations will be the same as the ratio between the number of protons
that generated those BLM signals.
An example of a beam loss pattern for the present collimation system at
7 TeV is shown in Fig. 5.2. Here, black bars indicate the number of protons
absorbed in the various collimators, whereas blue and red bars show the pro-
tons lost on superconducting and standard magnets, respectively. To obtain
the number of protons lost per metre, everything is normalized to the total
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number of protons intercepted by the collimation system and to the length of
each object. It is worth remarking that there are several orders of magnitude
difference between the most frequently hit primary collimator and the number
of protons lost on the machine aperture. This gives a hint of how challenging
it is to ensure the accuracy of the simulations. The coupling of this output
with FLUKA gives agreement within a factor two with respect to the measured
signals in the BLMs [62], indicating the validity and the predictive power of
the simulation chain. This is a very good result given the difference of several
order of magnitude between signal of BLMs at different locations of the ring.
5.3 Crystal routine for collimation studies
The crystal routine used for these studies was originally developed as a stand-
alone routine, written by Igor Yazynin in Fortran 77. It was then inserted in
SixTrack by Valentina Previtali during her PhD work [9], where details of its
implementation and issues of orientation with respect to the beam envelope
can be found. During her work the inclusion of possible crystal imperfections
was also modelled, such as the presence of an amorphous layer and a miscut
angle, further discussed in [9]. The amorphous material is described as a
layer that surrounds the crystal bulk, with a thickness given as an input.
When protons are incident on this layer, they are treated as travelling in an
amorphous material. The miscut angle can be modelled as an additional angle
applied to protons incident on the crystal front-face, while reduced impact
parameters are defined if protons enter the crystal body from the side facing the
circulating beam. In this section a detailed description of the physics models
present in the routine, their range of validity, and the main improvements
introduced during this PhD work are discussed.
It is first important to remark that this routine is based on a Monte-Carlo
approach, so that interactions experienced when a particle traverses a crystal
are randomly extracted from probability distributions as a function of the
impact parameter. Particles are not tracked step by step inside the crystal
volume but the interactions that can take place are defined by a few extractions
of random numbers. This implies that the routine is very fast and suitable for
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high statistics simulations. However, it can be considered as an emulation
of the interactions that particles experience in a bent crystal, rather than
a simulation that would involve solution of the equation of motion inside a
crystalline potential. Although an approach based on first principles would
allow simulations of a any crystalline structure, the time needed to solve the
equation of motion would make complete loss map simulations unfeasable.
The computational time needed in the case of 7 TeV protons experiencing
channeling could be not a big issue, because of the small number of passages
through the crystal and integration steps used to solve the equation of motion
can be comparable to the oscillation length (λ) between crystalline planes (i.e.
at 7 TeV with a λ of about 250 µm few oscillations take place in few mm long
silicon crystals). The main problem is given by repeated passages through
crystals acting as an amorphous piece of silicon, where the integration steps
must be reduced to values comparable to the interplanar distance (i.e. about
1.9 A˚ for silicon strip crystals). Given the very high statistics and number
of turns in the machine needed, an approach based on random extraction of
interaction experienced from probability distributions was preferred. This is
possible because all the known interactions that can occur in bent crystals are
well described in the literature, and the few free parameters can be tuned using
experimental data. It is also important to note that this routine, and what is
reported later, is strictly valid for planar channeling of protons in silicon strip
and quasi-mosaic bent crystals2.
The main body of the crystal routine is composed of three fundamental
blocks:
• Treatment of coherent interactions in bent crystals.
• A scattering routine, that treats the contributions of continuous and
nuclear point-like interactions, based on what was introduced in section
5.2.1.
• A subroutine that calculates the energy loss from ionisation, based on
what is described in Appendix B.
2With a bending radius larger than the critical bending radius.
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64 3. Methods and Tools
The reference system of the crystal routine is shown in Figure 3.4, and the
(x, z, s) reference system corresponds, in the intermediate routine, to the reduced
crystal reference system (xRcry, zRcry, zRcry) described in Section 3.1.2.1. The front
Figure 3.4: Crystal reference system as in
the original crystal subroutine. An amor-
phous layer of thickness ⌥ is considered.
face of the crystal lays on the s=0 plane, and its transverse dimensions are:
0 < x < xmax
 zmax
2
< z < zmax
2
where xmax and zmax are specified in the collimator database. The bulk of the crystal
lays in the s > 0 volume, and the kick is given in the x direction towards positive x.
(x’ increasing) . The particle initial longitudinal position is always s=0. It is also
possible to define an amorphous layer of thickness ⌥ > 0; in this case the crystal
edge is surrounded by a frame where the crystal planes are considered damaged,
and cannot interact coherently. The only possible interaction in this region is the
amorphous interaction.
When a particle hits the crystal, di erent processes can take place, depending on
the particle energy, orientation with respect to the crystal planes, and on the crystal
material. For an introduction to the di erent possible e ects, it is referred to the
Chapter 1 of this thesis. Here we briefly summarize the e ects which are considered
in the routine.
- out: the particle does not hit the crystal, a drift in space is considered.
- amorphous: the particle is not aligned with the crystal planes, or it hits the
amorphous layer. In this case the particle interacts with the crystal as an
amorphous material.
- planar channeling: the particle is trapped in the potential hole between two
crystalline planes, and follows their orientation.
Figure 5.3: Crystal routine reference system. The presence of a possible amorphous
layer that surrounds the crystal bulk is also shown [9]
5.3.1 Coherent interactions
The processes described in the routine are channeling for the whole crystal
length, dechanneling, volume reflection, volume capture and dechanneling after
volume capture. Inputs required by the routine, in the crystal reference system
shown in Fig. 5.3, are:
• Crystal length (l) and bending radius (R).
• Momentum (p), x and x′ of the incident proton.
• z and z′ are used only to evaluate if a proton is incident on a possible
amorphous layer. Crystals are considered flat along t is direction, which
is an adequate approximation because of the very small dimensions of
the beam compared to the crystal size (the usual crystal height is about
5 cm, whereas the beam halo has dimensions  1 mm).
Using the quantities above it is possible to evaluate the critical channeling
angle in straight (θc) and bent (θ
b
c) crystals together with the critical bending
radius (Rc), using equations (3.10), (3.20) and (3.16) respectively. Then, the
average deflection (θV R) and spread (∆θV R) given by volume reflection are
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calculated together with the probability of volume capture (PV C), using equa-
tions (3.26), (3.27) and (3.25) respectively. The free parameters used in these
last three equations were tuned on experimental data taken in the framework
of the H8-RD22 collaboration [32]. They are equal to:
c1 = −1.5 , c2 =1.6667 , c3 = 1.7 , (5.1)
k = 7 · 10−4 .
For quasi-mosaic crystals c1 is decreased by 7%, while c3 is increased by 5%.
After calculation of all the parameters introduced above, which will be used
later, a first selection based on incident angle is performed. It consists of check-
ing that θin < θ
b
c, where θin is the linear sum of x
′ including a possible miscut
angle and crystal tilt with respect to the beam envelope. If this condition is
satisfied the probability of capture between crystalline planes is calculated as
follows:
PCH =
√
θbc
2 − θin2
θc
. (5.2)
This formula was derived to reproduce the channeling efficiency obtained with
analytical simulation tools for a wide range of crystal parameters, i.e. length
and bending, at a fixed energy. Using equation (3.20), if one assumes that a
proton is incident with angle θin that is a fraction α of the critical value, thus:
θin = α θ
b
c = α θc
(
1− Rc
R
)
, (5.3)
equation (5.2) can be expanded as follows:
PCH =
√
θbc
2 − θin2
θc
=
√
θ2c
(
1− Rc
R
)2 − α2θ2c (1− RcR )2
θc
= (5.4)
=
√(
1− Rc
R
)2
− α2
(
1− Rc
R
)2
=
(
1− Rc
R
)√
1− α2 .
It is clear that the equation above gives a PCH = 1 in case of an incident beam
with uniform divergence and optimal angle (i.e. α = 0), on straight crystals
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Figure 5.4: Probability of capture between crystalline planes for straight crystals
as a function of incident angle relative to the critical angle, with (red) before the
modification, and (blue) after the modification described in the text.
(i.e. R→∞). This feature is not realistic, and such an approximation would
be valid only if the protons were incident in the middle of the interplanar
channel with transverse dimensions much less than the channel width. To
improve this, and allow the possibility for some incident protons to strike a
crystalline plane, which precludes captures between two planes, equation (5.2)
has been replaced with:
PCH =
(
1− Rc
R
)√
0.9− 0.9α2 . (5.5)
Then, with this modification, the maximum probability of capture between
crystalline planes “saturates” at 95%, as shown in Fig. 5.4. This value was
adopted because it led to a non-negligible improvement in the agreement be-
tween experimental and simulated data for crystals with very small bending,
as discussed in section 6.3.6. In particular, the difference between measured
and simulated channeling efficiency was improved from about 10% to a few %
for such crystals, while simulations of larger bending are not affected.
A random number with a uniform distribution in the range [0, 1] is now
generated, and if it is below the probability calculated using equation (5.5)
protons are considered as initially trapped, otherwise they are flagged as be-
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ing in the transition region between amorphous interactions and the volume
reflection process (as explained in detail in section 6.3.5). Then, for protons
in this transition region, the deflection given is a linear interpolation between
multiple Coulomb scattering (i.e. average deflection zero) and the expected
value from the volume reflection process (i.e. θV R of equation 3.26). Thus, the
incoming angle is modified as:
x′ = x′ + 0.45
(
x′
θbc
+ 1
)
θV R . (5.6)
The spatial coordinates are moved to the middle of the path in the crystal
volume, where the scattering routine is called to evaluate the contribution of
amorphous interactions along the whole path. The five particle coordinates
(p, x, x′, y, y′) are then propagated up to the exit from the crystal volume. The
energy loss by ionisation is also calculated for the whole path using a dedi-
cated subroutine. This approach is denoted as the thin lens approximation:
the full path in the amorphous material is divided into two steps, with the
results of the interactions that take place applied at the mid-point and then
used to propagate the proton coordinates as it leaves the volume. This ap-
proach is valid because the crystal dimensions (a few mm) are small compared
to the radiation and interaction lengths (about 9 cm and 46 cm in silicon,
respectively).
For protons that are considered trapped between crystalline planes the
characteristic electronic dechanneling length is calculated. Previously a fixed
value calculated at 400 GeV/c was used. Instead, evaluation of equation (3.24)
for each proton is now implemented. In bent crystals this equation is modified
as [24]:
LeD =
256
9pi2
pv
ln(2mec2γ/I)
aTFdp
Ziremec2
(
1− Rc
R
)2
. (5.7)
As explained in section 3.3 a characteristic nuclear dechanneling length is
needed for full description of the dechanneling process. Unfortunately an ana-
lytical formula is not yet available in the literature. However, a characteristic
length can be derived from an opportune scaling of the electronic value, and
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fine tuning was carried out to evaluate the best scaling constant, as explained
in section 6.3.3 and [63]. The characteristic nuclear dechanneling length is now
calculated in the routine as:
LnD =
LeD
200
. (5.8)
This length is not calculated for all protons treated by the routine but only a
subset of them. The number of such protons is given by the ratio between the
interplanar distance and the width of a crystalline plane. The width of a plane
can be estimated using the Thomas-Fermi constant aTF , while the interplanar
distance for (110) silicon crystal planes is dp = 1.92 A˚ [24]. Thus:
aTF
dp
=
0.8853aBZ
−1/3
1.92
≈ 0.194
1.92
≈ 0.1 , (5.9)
where aB = 0.529 A˚ [24]. Thus, the nuclear dechanneling length is applied to
only 10% of the protons initially channeled. Since the dechanneling process
can be considered as an exponential decay of the initial population of trapped
particles as a function of the distance travelled between crystalline planes, the
possible point where dechanneling could take place is estimated as:
L = −LD ln(r) , (5.10)
where LD is the value calculated using either equation (5.7) or (5.8), and r is
a uniform random number in the range [0, 1]. Thus, if L is smaller than the
crystal length, the dechanneling process takes place at that depth in the crystal.
Hence, protons are transported up to this point as channeled (described below),
and then are propagated up to the exit from the crystal as travelling in an
amorphous material, using the thin lens approximation. If L is larger than the
crystal length, the proton is considered trapped between crystalline planes for
the whole path in the crystal. The coordinates of the protons are modified as
follows:
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x′ =
l
R
+
θbc
2
rg , (5.11)
x = x+ l sin
(
x′
2
+m
)
,
y = y + l y′ ,
where m is the miscut angle and rg is a random number with a normalized
gaussian distribution. The energy loss from ionisation is also calculated, and
the probability to experience nuclear interactions between crystalline planes
has also been introduced as described later.
Let us move to protons incident with θin > θ
b
c. Initially the possible point
where volume reflection could take place (lV R), and its projection along s
(sV R), are evaluated as:
lV R = R θin , (5.12)
sV R = sin
(
θin
2
+m
)
lV R .
The possible reflection point lV R is compared with the crystal length l. If lV R >
l the volume reflection process cannot take place, and the proton is transported
along its whole path in the crystal as in an amorphous material using the thin
lens approximation. In the other case (i.e. lV R < l) the probability of volume
capture is calculated using equation (3.25). A uniform random number (r)
in the [0, 1] range is generated, and if r > PV C the proton is considered as
reflected in the crystal volume. Thus, its coordinates are transported to the
reflection point and the deflection given by the volume reflection process is
applied. This is computed as:
x = x+ x′sV R , (5.13)
y = y + y′sV R ,
x′ = x′ + θV R + rg ∆θV R .
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The proton is transported along the path in the crystal as in an amorphous
material using the thin lens approximation, and the energy loss from ionisation
is calculated. If r < PV C the volume capture process takes place, and the
coordinates (x, y) are transported to sV R and a new dechanneling length is
calculated. This length is based on an empirical model that fits experimental
data taken in the framework of the H8-RD22 collaboration [64], and is equal
to:
LV C = L
e
D
(√
0.01− ln(r)− 0.1
)2
. (5.14)
Then this length is compared to the remaining path length in the crystal. If
it is larger, the proton is considered captured between crystalline planes up
to the end of its path, with consistent coordinate modifications. Otherwise,
it means that protons undergo dechanneling after the capture between planes.
Then the proton is transported to the point of capture, then translated to the
dechanneling point as for the channeling condition, and finally propagated up
to the exit from the crystal using the thin lens approximation. Energy loss
from ionisation is calculated consistently for each different regime.
5.3.2 Scattering routine
The scattering routine is called at any time protons treated by the main crystal
routine do not experience coherent interactions, and its main task is to model
interactions with amorphous materials. A simplified description was included
in the first version of the crystal routine. However, after detailed comparative
studies of what FLUKA generated for different energy proton beams incident
on a few mm of misoriented silicon, it became clear that a more accurate
treatment was required. The main conclusions from these comparative studies
were [65]:
• An adequate level of accuracy with respect to FLUKA results was achieved
for:
– energy loss due to single diffractive events at 7 TeV.
– distributions of deflections given by multiple Coulomb scattering,
and single diffractive events.
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– cross-sections of deep inelastic, nuclear elastic and single diffractive
point-like interactions at 400 GeV/c.
• Improvements were needed for:
– correlation between kick and energy loss due to single diffractive
event, which was absent.
– distributions of deflections given by nuclear elastic scattering.
– energy scaling of cross-sections and distributions of deflections for
all point-like interactions.
To overcome the limitations of the existing scattering routine, a new version
has been implemented. It is based on the standard routine used in SixTrack to
treat the interaction with collimator jaws, introduced in section 5.2.1. Thus,
consistent modelling of nuclear point-like and continuous interactions with
respect to standard CERN collimation tools is now included in the crystal
routine, maintaining the stand-alone nature of the routine.
One of the most important improvements implemented in the crystal rou-
tine is the inclusion of nuclear point-like interactions for particles trapped
between crystalline planes. Previously they were not taken into account at
all, and comparisons with respect to experimental data shown in section 6.3.7
gave a clear indication of their need. This is now done by applying the scat-
tering routine also during the path between crystalline planes, but considering
only nuclear point-like interactions and using cross-sections scaled to the av-
erage nuclear density at the appropriate location. This is possible because the
nuclear density between crystalline planes can be described as [24]:
ρ(x) = Nam
dp√
2piu21
[
exp
(
− x
2
2u21
)
+ exp
(
−(x− dp)
2
2u21
)]
, (5.15)
where x is the transverse distance from the crystalline planes placed at x = 0
and x = dp, Nam is the density of misoriented silicon, and u1 = 0.075 A˚ is
the thermal vibration amplitude [24]. What is obtained using equation (5.15)
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Figure 5.5: Nuclear density between (110) planes of silicon, calculated with equa-
tion (5.15).
is shown in Fig. 5.5. Using the equation of motion of protons between bent
crystalline planes (equation 3.21) it is possible to evaluate the maximum (xM)
and minimum (xm) excursion from the equilibrium point, as:
xm = −dp
2
Rc
R
− dp
2
√
Et
U bmax
, (5.16)
xM = −dp
2
Rc
R
+
dp
2
√
Et
U bmax
.
However, these two oscillation extremes are calculated from the centre of the
crystalline channel; a consistent shift of −dp/2 must be applied to both of
them in order to use the same reference frame as equation (5.15). It is easy to
calculate the integral of equation (5.15), which leads to:
∫
ρ(x) dx = Nam
dp
2
[
erf
(
x√
2u21
)
− erf
(
dp − x√
2u21
)]
. (5.17)
Thus, it is possible to calculate analytically the average density seen along the
trajectory, as:
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Figure 5.6: Average nuclear density as a function of the transverse energy of 400
GeV/c protons, captured between (110) planes of silicon crystals 1.94 mm long and
with a 10.26 m bending radius, as calculated using equation (5.18).
ρ¯ =
∫ xM
xm
ρ(x) dx
xM − xm . (5.18)
The equation above allows to avoid any numerical solution of complex integrals,
maintaining the speed of the routine. What is obtained with this approxima-
tion is shown in Fig. 5.6. The average nuclear density seen by 400 GeV/c
protons incident on a silicon strip crystal, 1.94 mm long and and with a 10.26
m bending radius, is plotted as a function of transverse energy. The insertion
of the possibility to undergo nuclear interactions along the path between crys-
talline planes led to a significant increase in the simulated nuclear interaction
rate. This is shown in Fig. 5.7, where a selection on the incident angle of each
particle is performed, and the probability that inelastic interactions take place
for all protons below such cutting angle is evaluated. The main outcome of
this improvement is much better agreement with respect to experimental data,
as shown in section 6.3.7 where a more detailed discussion is reported.
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Figure 5.7: Probability that inelastic interactions take place for 400 GeV/c protons
incident on crystal in a channeling orientation, and with an angle of impact below
the selected angle (cutting angle). (Dashed line) before implementation of nuclear
interactions for channeled particles; (solid line) after improvement of the routine.
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Chapter 6
Comparison with single-passage
experiments
The first step in the experimental chain of tests towards the validation of bent
crystals in particle accelerators, is represented by the characterization of each
component that will be installed in the machines. Single-pass measurements
are crucial to probe the crystal quality with incident angle and impact param-
eters not accessible in circulating machines. These data also allow detailed
benchmarking of crystal simulation routines, such as the one implemented in
SixTrack. Experimental tests used to characterize bent crystals installed in
the SPS and LHC have been performed using a 400 GeV/c extracted beam
from the SPS, in the H8 line introduced in Section 6.1. Over the years the
initial H8-RD221 collaboration became the UA9 Collaboration, after tests in
the SPS ring were approved thanks to the good results achieved [13, 66–80].
In order to provide a clear understanding of how the experimental tests are
carried out, an overview of the apparatus and procedures used is given in Sec-
tion 6.2. The results achieved in this setup are crucial to benchmark the crystal
routine introduced in section 5.3. The main outcome of this benchmarking is
to increase our confidence level in the predictions of cleaning performance for
a crystal-assisted collimation system in the LHC, as shown in Section 6.3.
The scaling with energy of the models used to describe the main physics pro-
1Devoted only to tests on an SPS extracted beam.
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SPS beam 
Figure 6.1: Schematic representation of SPS beam extraction, and its splitting
into the various lines.
cesses in bent crystals is validated with respect to predictions made by other
simulation tools based on alternative approaches, as discussed in Section 6.4.
Limitations present in the crystal routine were also studied, and are reported
in Section 6.5.
6.1 Beam line
The CERN North Area (NA) is an experimental area where seven beam lines
are located, in three different experimental halls (EHN1, EHN2, ECN3). Pro-
tons of 400 GeV/c are extracted from the SPS through a slow extraction
process, and directed onto three primary targets (T2, T4, T6) as illustrated
in Fig. 6.1. The experimental tests reported here were performed in the hall
EHN1, where four beam lines are located (H2, H4, H6, H8). The line chosen
for our studies is H8, and the experimental apparatus is placed in the areas
H8-128 and H8-1382, as shown in Fig. 6.2. General features of this extraction
line are:
• Primary proton beam from the SPS with 400 GeV/c momentum.
• Possibility of secondary beam of electrons, hadrons, muons in the mo-
mentum range of 10-400 GeV/c.
2H8-128 is officially devoted to us, indicated as CRYSTALS, LHC Coll. in Fig. 6.2. H8-
138 is shared with LHCb, and our detectors are used in a parasitic mode in order to not
interfere with other activity.
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Figure 6.2: Schematic layout of the EHN1 experimental hall, where the H8 line is
located.
• Maximum intensity 2 · 108 particles per spill.
• Length of the spill in the range 4.8-9.6s.
• One spill every 14-48s.
The length of the spill and its repetition rate depend on the number of users
on the various extraction lines. The key feature of the H8 line is the possibility
to have a very narrow and collimated beam. An example of 400 GeV/c proton
beam delivered is shown in Fig. 6.3. The beam core can be approximated by
a double gaussian, with σ ∼ 1 mm in both planes. Its angular divergence is
also gaussian, with σ ∼ 10 µrad. Such beam parameters are very important
for efficient data taking; a beam width of ∼ 1 mm means that most of the
protons will impact on crystals; a divergence of ∼ 10µrad is of the same order
as the critical channeling angle at 400 GeV/c. Therefore, high statistics can
be collected more efficiently than on other beam lines, allowing the study of
rare physics processes in bent crystals, and more crystals can be tested during
experimental runs in the North Area3. Such a beam can be delivered thanks
to micro-collimators placed at the beginning of the line, and with dedicated
settings of the magnetic lattice.
3The usual time allocated for UA9 in the North Area ranges from 2 to 5 weeks per year.
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Figure 6.3: Typical horizontal (left) and vertical (right) spatial (top) and angular
(bottom) distributions of the H8 beam at the crystal location.
6.2 Experimental apparatus
Studies of key properties of bent crystals in the North Area began in 2006
in the framework of the H8-RD22 Collaboration, and since 2009 these tests
have been carried out by the UA9 Collaboration. Although slightly different
experimental apparatus was used by the two collaborations, the main detectors
present in both cases are:
• A high resolution goniometer used to rotate crystals placed in the beam
line.
• A tracking system to measure the impact parameters on crystals, and
the deflection given to any particle.
• A plastic scintillator to provide the trigger to the tracker.
• A fast on-line pixel detector (a Medipix detector [81]) used to find the
best crystal orientation, prior to collecting high statistics with the tele-
scope.
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Figure 6.4: Picture of a crystal installed on the high resolution goniometer and
the three closest tracking stations in H8.
The majority of the experimental results reported in section 6.3 refers to the
latest runs (from 2009 to 2012), achieved in the framework of the UA9 Col-
laboration, using a silicon telescope developed at Imperial College London.
However, data published by the H8-RD22 Collaboration are also involved in
the benchmarking. They were collected using a silicon telescope developed at
the University of Como. In this section the main features of both telescopes
are introduced, to give a clear understanding of what is reported in section 6.3.
The telescope used by the UA9 Collaboration has both hardware and soft-
ware based on the CMS Tracker, modified for our special needs4. A full de-
scription can be found in [10]. The complete telescope is made of ten planes
of microstrip sensors that form five measuring stations, each with an active
area of 3.8 × 3.8 cm2. All of them are located in the area H8-128, where seg-
ments of beam pipe are removed to allow installation, and crystals are placed
on the high resolution goniometer between the second and third tracking sta-
tions. The fourth is rotated by 45◦ and used only to resolve ambiguities in
multi-track events. A picture of the ensemble of crystal, goniometer and the
three closest tracking stations is given in Fig. 6.4. The full telescope layout is
shown in Fig. 6.5. Each arm is about 10 m long. Detectors are in air but the
4High acquisition rate, angular and spatial resolution.
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Figure 6.5: Full layout of the present telescope in H8, taken from [10]
spaces between are filled with vacuum chambers to reduce beam interactions
with air, improving the resolution of the apparatus. With such a setup, the
main contribution to multiple coulomb scattering that limits the precision of
the system is given by the telescope itself. The spatial resolution is crucial
to select protons impacting on crystals placed in the beam line; its average
value is of ∼ 7 µm per sensor, as discussed in [10]. Even more important is
the evaluation of the angular resolution of the telescope. Thanks to the pres-
ence of two independent arms, it can be measured looking at the difference
between incoming (θin) and outcoming (θout) angles of tracks collected during
alignment runs when no crystal is mounted on the beam path, as introduced
in section 6.3 and explained in [10]. Thus, during such a runs undeflected tra-
jectories are expected, i.e. θin = θout. Including the uncertainties introduced
by the presence of the tracking planes themselves and by the entire process of
track reconstruction, the distribution of θout− θin yields an angular resolution
with an rms of ∼ 5 µrad [10]. Moreover, the angular resolution of the incom-
ing arm is crucial for tight selection of particles impacting on crystals with a
desired angle; from Monte Carlo simulation of the apparatus it was estimated
to be ∼ 2.8µrad [10]. If the incoming beam was non-divergent this parameter
could be measured from the distribution of reconstructed θin, but the intrinsic
beam divergence makes this measurement impossible.
The main differences from the telescope used by the H8-RD22 Collabo-
ration [82] are the number of stations used to determine the deflections of
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each proton, and the achieved uncertainty. The core of the telescope con-
sists of only three double-sided silicon strip detectors with an active area of
1.92× 1.92 cm2, with the crystal placed between the second and third planes.
The first two planes are used to measure θin. Since the longitudinal location
of the objects is known, the impact point on the crystal is inferred and θout is
deduced by correlation with data recorded by the third plane. The tracking
station are separated by a distance of d ∼ 10 m, and the intrinsic resolution
of each detector is δ ∼ 6.4 µm [82]. Thus, the inferred resolution is estimated
as
√
6δ/d ∼ 1.6µrad [82]. However, this estimation does not take into account
the uncertainties on the assumed impact point on the crystal, where ambi-
guity on longitudinal position of the objects can have a non-negligible effect
due to the µrad resolution needed. Moreover, the theory of error correlations
implies that in this case (using only three planes) the covariance matrix is not
simply diagonal and significant errors can be propagated. Last but not least,
with the present telescope the angular resolution on the measured deflection
can be determined experimentally as explained above, while with the previous
tracker it could only be assumed. For these reasons a better understanding of
the performance of such a telescope is still ongoing.
6.3 Single-pass measurements
The experimental procedure used to characterize each bent crystal follows
these main steps:
1. Alignment run: only the tracking stations are in the beam line. It is
used to check the proper functioning of the telescope, and its performance
before any crystal is tested.
2. Linear scan: it is used to correctly position the crystal on the beam
path. The condition when the beam intercepts the crystal can be seen
thanks to the increased angular divergence of the outgoing beam, due to
the multiple coulomb scattering experienced in the crystal.
3. Fast angular scan: it is performed in the optimum position found in the
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previous step to select the best angular range where coherent processes in
bent crystals can take place. The crystal is rotated until beam splitting
(indicating the channelling orientation) is seen on the far detector placed
in H8-1385.
4. Detailed angular scan: the crystal is rotated around the channeling
position found with the fast angular scan, collecting an adequate number
of events for each angular step (∼ 105 events/step). This scan covers the
full region of coherent interactions between the two amorphous regimes,
as shown in Fig. 6.6.
5. High statistics run: the crystal is left in the optimal channeling ori-
entation in order to collect high statistics, to allow conclusive studies on
coherents effect in bent crystals taking place simultaneously with planar
crystal channeling (∼ 106 events).
A total of 26 crystals was tested in the runs between 2009 and 2012, and the
same procedures were used again after the restart of the CERN accelerator
complex in 2014. After detailed analysis of all the data collected during those
years, a subset of 10 crystals was chosen for comparative studies with simula-
tion routines [83]. The main parameters leading to the selection are statistics
and quality of the data collected for each crystal, and stability of the entire
experimental apparatus during all the five points mentioned above. Among
those ten crystals, a specific reference case was used to benchmark all the
existing simulation codes for bent crystals (and reported at “The 6th Inter-
national Conference - Channeling 2014” [84]). The benchmarking described
below refers to such a crystal, which is a silicon strip crystal 2 mm long and
with 13.9 m bending radius. Moreover, comparisons with respect to other
crystals were made to probe a wide range of crystal bending conditions and
lengths, in order to test the simulation routine in SixTrack as a function of
them. Examples are shown in sections 6.3.6 and 6.5. These tests are crucial to
acquire adequate confidence in the validity range of the approximations used
in the routine.
5A Medipix detector placed at more that 50 m from the crystal.
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Figure 6.6: Angular deflection given to each particle as a function of the incident
angle with respect to crystalline planes. The data refers to the detailed angular scan
for a silicon strip crystal 2 mm long and with 13.9 m bending radius.
The detailed experimental angular scan for the reference crystal introduced
above is shown in Fig. 6.6, from which is possible to recognize all the coherent
interactions in bent crystals:
1. At the beginning and end of the angular range the deflection given to
the particle is uniformly distributed around zero. This means that the
crystal behaves like an amorphous material.
2. A small angular range is observed, defined by the critical channeling
angle, in which a big deflection is given to the particles. This means that
the particles travelled the whole length of the crystal in the channeling
condition. Thus a deflection that depends on the bending radius and the
length of the crystal is acquired.
3. Some particles escape from the channeling condition by dechanneling.
This appears as a non-zero distribution of particles at intermediate de-
flection angles, in the same incident angular range as the item above.
4. A large angular range is observed, defined by the geometrical bending
of the crystal, where the volume reflection process takes place. A small
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deflection linked to the critical channeling angle is given to the particles,
in the opposite direction compared to the channeling regime.
5. Particles are channeled inside the crystal volume populating the diagonal
region in the same incident angular range as the volume reflection; this
is the volume capture process.
What is reported above about the detailed angular scan is intended to give a
global overview of coherent processes in bent crystals described in chapter 3.
An example of a high statistics run for the same crystal is given in the top graph
of Fig. 6.7, which is used for comparisons with the simulation results described
in sections 6.3.1, 6.3.2, 6.3.3, 6.3.4 and 6.3.5 . The middle and bottom graphs of
Fig. 6.7 refer to the simulation of this high statistics run. From these plots the
effect of the experimental resolution on the agreement between experimental
and simulated data is clearly visible, as discussed in the following sections.
The experimental resolution is taken into account by adding random gaussian
noise with σ ∼ 5 µrad to the simulated deflections, which corresponds to
the measured resolution from alignment runs. Moreover, simulation data are
generated in a format that mimics the measured data format in order to apply
the same analysis tools developed in [85]. This ensures a consistent treatment
of simulation results and measurement data.
6.3.1 Qualitative comparison
In this section a qualitative overview of measured and simulated data, for the
high statistics run in Fig. 6.7, is given. A ±10µrad cut on the proton incident
angle is applied, and the distributions of deflections obtained are superimposed
in Fig. 6.8. All are normalized to the total number of entries. It is possible to
evaluate the agreement between:
• Distribution of particles channeled for the whole crystal length, both on
the mean and width when the telescope resolution is taken into account.
However, the mean is given by the ratio between crystal length and
bending radius, hence it can be considered as input. The width is based
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Figure 6.7: Angular deflection given to each particle as a function of the inci-
dent angle with respect to crystalline planes, during a high statistics run. (top)
experimental data, (middle, bottom) simulated data without, and including, the
experimental resolution, respectively.
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Figure 6.8: Distribution of deflections given to protons with an incoming angle
within ±10µrad. Experimental data are reported in blue dots with their statistical
error, simulated data are shown in green, and their convolution with the telescope
resolution is given in red. The binning is chosen according to the experimental
resolution, and histograms are normalized to the total number of entries.
on the assumptions described in section 5.3.1, and is well reproduced
once the finite resolution of the telescope is convoluted with the simulated
data.
• Distribution of particles in the transition regions6, both the mean and
width when the experimental resolution is taken into account, which are
generated based entirely on the assumptions described in section 5.3.1.
• Distribution of dechanneled particles, where experimental and simulated
data match very well, with and without the telescope resolution.
• Last but not least, the relative height of the distributions in the items
above. This can give a first indication of the right assumptions needed
to model the channeling efficiency and all the coherent processes in bent
crystals. In the selected angular range of the incoming protons the pro-
cesses of channeling, dechanneling, volume reflection, and amorphous
orientation occur simultaneously.
A detailed analysis of all the items above is discussed in the following sections.
6i.e. deflections close to zero.
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Figure 6.9: Measured (left) and simulated (right) distributions of angular deflec-
tions given by the crystal. Plots are obtained by selecting particles in the angular
range of ±5 µrad, i.e. half the critical angle. The binning of the experimental data
is set according to the experimental resolution. For simulated data 1 µrad binning
is used, and the convolution with the experimental resolution is taken into account.
The angular range in which protons are considered as channeled is highlighted in
green.
6.3.2 Channeling efficiency
It is easy to understand that one of the key observables to be reproduced
by crystal simulation routines is the channeling efficiency for a given bending
radius. The channeling efficiency (η) is a quantity used to define the fraction
of particles undergoing channeling, normalised to the total number of particles
impinging on the crystal. For the case of our experimental setup, where the
incoming beam includes particles with incident angles above the critical value,
it would not make sense to define efficiency independently of the incoming
beam angle. It is instead defined here as a function of the initial angle θcut
by considering only those particles within a range of impinging angles θ with
|θ| < θcut. Thus:
η(θcut) =
Nchan(|θ| < θcut)
Ntot(|θ| < θcut) (6.1)
where Nchan(|θ| < θcut) is calculated as the number of counts within ±3σ
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Table 6.1: Measured and simulated channeling efficiency, for different angular cuts,
with and without the experimental resolution taken into account.
Data Cut [µrad] Resolution CH eff. [%]
Exp. 5 - 68.9
Sim. 5 no 78.4
Sim. 5 yes 68.5
Exp. 10 - 54.0
Sim. 10 no 63.9
Sim. 10 yes 60.8
from the mean position of the channeled peak, as shown by the green area in
Fig. 6.9. In measurements and simulations, this is calculated from the gaussian
fit shown in red in Fig. 6.9. This analysis was made using two different values
of θcut on the proton incident angle. They are chosen to be 5µrad and 10µrad,
which correspond to ∼ θc/2 and ∼ θc, respectively, at 400 GeV/c. What is
shown in Fig. 6.9 refers to an angular cut of θcut = 5 µrad. The experimental
resolution is also taken into account in simulations by adding random noise to
the simulation points as described previously.
A complete overview of the channeling efficiency for the two different an-
gular cuts, both with and without the experimental resolution, is given in
Table 6.1. In conclusion, agreement within ∼ 10% is obtained when the tele-
scope resolution is not taken into account, and ∼ 5% when it is convoluted
with simulation results. What is obtained without such convolution is given
for direct comparison with other simulation tools, mainly because this is what
really matters when the routine is called in SixTrack. For circulating beams
where the incident angle distribution is very small due to small impact param-
eters (as discussed in section 8.7.1) we expect good reliability of the routine.
Indeed, we conclude that the good agreement found when the experimental
resolution is added to simulations provides solid validation of our tool.
6.3.3 Dechanneling length
Like the channeling efficiency, the characteristic dechanneling length is a key
feature for reliable description of coherent interactions in bent crystals. It can
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Figure 6.10: Measured (left) and simulated (right) distribution of angular deflec-
tions given by the crystal. Plots are obtained by selecting particles in the angular
range of ±10 µrad, i.e. the critical angle. The binning of the experimental data is
set according to the experimental resolution. For simulated data 1 µrad binning is
used. The dechanneling length is measured through the exponential fit in green.
be modelled as an exponential decay of the initial population of trapped par-
ticles between crystalline planes as described in section 3.3, with two dechan-
neling lengths needed to describe the whole process. As explained in section
5.3.1 the only free parameter is the scaling factor to extrapolate the char-
acteristic nuclear dechanneling length from the electronic one. Fine tuning
of this variable was performed to reproduce previous data published in [11]
as described in [63]. The main goal of the present comparison is to validate
the description of the dechanneling process implemented in the routine also
with respect to this new reference case, where different crystal parameters are
present. What is obtained using an angular cut of θcut = 10 µrad is shown in
Fig. 6.10, where experimental and simulated data are displayed in the left and
right plots, respectively. Similar results are obtained for θcut = 5 µrad. The
total dechanneling length7 is estimated from an exponential fit in a well de-
fined angular range; two gaussian fits are performed on the populations in the
transition region (TR) and channeled particle region (CH), and the angular
7i.e. the convolution of the electronic and nuclear ones
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Figure 6.11: Measured (left) and simulated (right) distribution of angular deflec-
tions given by the crystal. Plots are obtained by selecting particles in the angular
range 2θc < θin < 3θc (i.e. 20 µrad < θin < 30 µrad in Fig. 6.7), from which it is
possible to estimate the average deflection and spread due to the volume reflection
process.
range in which the exponential fit is made is chosen as:
µTR + 3σTR < ∆θx < µCH − 3σCH . (6.2)
where µ and σ are the mean and the rms of the gaussian fits on the relevant
populations (yellow and red fits in Fig. 6.10 for TR and CH, respectively).
The decay constant of the exponential fit in green in Fig. 6.10 multiplied by
the crystal bending radius gives the dechanneling length (LD). The measured
length is equal to LD ∼ 1.23 mm and the simulated one is LD ∼ 1.07 mm;
thus agreement at the ∼ 90% level is found, as reported in [63]. Convolution
with the experimental resolution is not performed in this case, since it does
not have a significant impact on the population of particles, as can be clearly
seen from Fig. 6.8.
6.3.4 Volume reflection
A realistic description of this process is crucial for our purpose of crystal as-
sisted collimation. This because particles undergoing such a process will ac-
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Table 6.2: Mean deflection and angular spread of protons undergoing volume re-
flection.
Data Resolution Mean [µrad] Sigma [µrad]
Exp. - -14.0 8.0
Sim. no -13.9 5.1
Sim. yes -13.8 7.2
quire a deflection that is not large enough to reach the next collimation stage
and will keep circulating in the machine. The key parameters that show the
validity of the volume reflection model implemented in the routine are the
deflection and angular spread given to the particles. They can be measured
through a gaussian fit on the deflections given to particles impacting on crys-
tals with an angle in the range 2θc < θin < 3θc, i.e. 20 µrad < θin < 30 µrad in
Fig. 6.7. A comparison between experimental and simulated data is shown in
Fig. 6.11 left and right, respectively. The effect of the resolution is included
by convolution with simulated data, to compare agreement on both mean de-
flection and spread. However, what really matters in multiturn simulations is
the spread obtained without convolution with the experimental resolution. A
complete overview is given in Table 6.2.
6.3.5 Transition regions
In this section a comparative analysis of the deflections given to particles chan-
neled for the whole crystal length, and not trapped at all, is reported. This is
a crucial comparison for our purpose for the same reasons as in the previous
section.
Let us begin from the deflections given to particles undergoing channeling.
Imagine naively to have a uniform parallel beam impinging on a crystal, and
the trajectory of trapped particles is approximated with an arc instead of a
sinusoidal oscillation. If such a beam is parallel to the crystalline planes, chan-
neled particles will acquire a deflection equal to the geometrical bending of
the crystal. When the crystal is turned its relative tilt must be added or sub-
tracted to the deflection given, and channeling can take place while the relative
tilt is within the critical angle. Thus, the gradient of the deflection acquired
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Figure 6.12: (left) Mean deflection given to particles channeled for the whole
crystal length as a function of the incoming angle nomalized to the critical one,
where measured and simulated data are shown in blue and red dots, respectively.
(right) Angular spread of particles channeled for the whole crystal length, where
simulated data convoluted with the experimental resolution are shown too (green
dots).
by those particles as a function of the relative incident angle should have a
slope of 45◦. In reality the situation is more complex and it is beyond the
scope of this section. However, bearing in mind this extremely simplified pic-
ture, one can see the very good agreement obtained in the comparison between
experimental and simulated data regarding the mean deflection given to the
channeled particles, shown in Fig. 6.12 (left). This plot was obtained by slicing
into 2µrad intervals the deflections given to particles impacting on the crystal
with −θc < θin < θc, and performing a gaussian fit on those populations.
Another important aspect is the width of these distributions. It is es-
timated using the sigma of the fit just mentioned, and shown in Fig. 6.12
(right). Good agreement is also found here when convolution with the exper-
imental resolution is taken into account. However, a reduction of the width
is observed experimentally for particles entering the interplanar space with an
angle close to zero, but not in the simulated data. This can be explained by
reduced multiple coulomb scattering as a result of the lower electronic density
in the middle of the crystalline channel, while for particles experiencing large
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Figure 6.13: (left) Mean deflection given to particles in the transition from AM
to VR process, as a function of the incoming angle normalized to the critical angle,
where experimental and simulated data are shown in blue and red dots, respectively.
(right) Angular spread of particles in the transition from AM to VR process, where
simulated data convoluted with the experimental resolution are also shown (green
dots).
oscillations8 the measured width is well reproduced by the simulated data.
This discrepancy is due to the intrinsic nature of the simulation routine; the
outgoing angle of particles flagged as channeled has no dependence on the an-
gle of incidence, but is generated according to what was described in section
5.3.1. In any case, this feature has a negligible impact on collimation studies
since all these particles will be captured by the next collimation stage.
Let us move now to particles that are not trapped at all between crystalline
planes, and populate the region around zero deflection in Fig. 6.7. These par-
ticles are able to escape from the collimation insertion given the low deflection
acquired and will keep orbiting in the machine. They experience interactions
ranging from incoherent (AM, for θin < −θc) to full VR (for θin > θc), through
a transition where the two processes are superimposed, roughly speaking. The
trend with incident angle of the experimental values of mean deflection and
angular spread was compared with simulated data, as shown in Fig. 6.13 left
and right, respectively. Very good agreement was obtained for the mean de-
8i.e. particles entering between the crystalline planes with an angle close to θc.
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Figure 6.14: Channeling efficiency as a function of the incident angle of the pro-
tons. A window of 2µrad centered on the points shown is applied to the incoming
angles, and the channeling efficiency is estimated [11]. Experimental data (blue),
simulations performed with [12] (open circles) and with the routine in SixTrack
(red) are superimposed.
flection, in the whole transition region between full AM and full VR, as shown
in Fig. 6.13 (left). The angular spread also agrees, when the experimental
resolution is taken into account, as shown in Fig. 6.13 (right). Moreover, the
growth of the spread for particles incident with an angle close to zero is also
well reproduced, and can be explained by the convolution of the AM and VR
processes.
6.3.6 Low bending crystals
Crystals installed in the LHC must have very low bending for various rea-
sons, as discussed in section 8.5. Thus, it is important to test the validity of
the parameterizations used in the routine implemented in SixTrack for those
bending values. A good set of experimental data suitable for such comparisons
comes from the results in [11], where a crystal with bending of θb ∼ 50 µrad
was tested. The main focus in this section is benchmarking of the measured
channeling efficiency, as a function of the incident angle of the incoming pro-
tons. This measurement was performed with the telescope provided by the
University of Como and similar results have been obtained with latest data
using the present telescope, but are not yet published.
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Figure 6.15: Distribution of deflections given to protons with an incoming angle
within ±10µrad. Experimental data are reported in blue dots with their statistical
error, simulated data are shown in green, and their convolution with the telescope
resolution is given in red. The binning is chosen accordingly to the experimental
resolution, and histograms are normelized to the total number of entries.
What was achieved is shown in Fig 6.14, where experimental data (in blue)
are plotted together with simulations performed using the routine described
in [12] (open circles), and what is obtained using the routine in SixTrack (in
red). This plot was made using a selection window of 2µrad on the incom-
ing angles around the plotted points, in which the channeled fraction of the
beam was estimated. The three curves agree within the 2− 5% for well chan-
neled particles9, with respect to both experimental data and that simulated
by our reference code [12], respectively. The maximum efficiencies obtained
are 83.4% , 85.9%, and 84.8% for measured data, simulations with [12] and
with SixTrack, respectively. The asymmetry of the three curves around zero
can be explained by imperfect orientation of the crystal with respect to the
incoming beam.
An example of what is achieved with recent experimental data is shown
in Fig. 6.15, where a qualitative comparison between data and simulations
is reported. Good agreement is obtained for the same reasons discussed in
9i.e. for incident angle close to the optimal one.
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section 6.3.1. The unusual features of the crystal tested in this case are its
length of 6 mm and bending radius of 189.9 m, corresponding to a crystal
bending of 31.6 µrad. This gives further confidence in the models, which are
able to describe interactions in a crystal with bending even lower that that
chosen for the LHC and of greater length.
6.3.7 Nuclear interaction rate
One of the most significant tests to benchmark the validity of models imple-
mented in simulation code is to reproduce events with very low probability.
The best observable for our purpose is to check the rate of inelastic nuclear
events in bent crystals, as a function of the angle of the incident protons. It is
worthy of note that such interactions are the most dangerous for applications
of crystals in the process of beam collimation, as discussed in sections 4.2 and
4.3.
This quantity can be measured by examining observations carried out with
a slightly different experimental setup than that reported in the previous sec-
tions; again the telescope was the one provided by the University of Como.
Two scintillators were placed on two sides of a crystal at longitudinal and
transverse distances that avoided measuring elastic nuclear events. Very high
statistics data was collected with the crystal both in an amorphous and the
optimal channeling orientation. A better overview of the measurement can
be found in [13], where the data analysis performed on these data is also
described. A further analysis was performed using the simulation output ob-
tained with the routine in SixTrack. The probability of deep inelastic and
single diffractive events was estimated as a function of a “cutting angle” on
the incident protons10. Experimental data and simulations reported in [13] are
superimposed on what is obtained with the routine in SixTrack in Fig. 6.16.
As expected, a flat interaction probability is observed when the crystal be-
haves as an amorphous material. However, a difference of up to 20% between
measured and simulated data is present, which is due to approximations used
to determine the inelastic cross-section. As reported in [13], using the Glauber
10i.e. all the protons impacting with an angle below the cut are considered.
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Figure 6.16: Probability of inelastic nuclear events as a function of the cut angle
of protons incident on the crystal: data taken in AM orientation are shown in blue,
where solid and dashed lines refer to experimental and simulated data respectively;
data in CH orientation are shown in red, where solid and dashed lines refer to
experimental and simulated data respectively. The dotted red line shows what was
obtained by Taratin with a full analytical crystal routine [12], as reported in [13]
approximation a cross-section of σ = 0.504 b is obtained. Multiplying it by the
atomic density of silicon ρ = 0.05× 1024cm−3, and the crystal length l = 1.94
mm, P = 0.49% is obtained. In SixTrack approximations reported in the
P.D.G. [15] are implemented, consistent with what is used to treat the inter-
actions in standard collimators [60]. These approximations give σ = 0.430 b,
that implies P = 0.42%. In conclusion this discrepancy is understood and
under control, since it does not have a significant effect for our purpose11 and
is not linked to the modelling of coherent processes in bent crystals.
Much more interesting for our needs is what is reported in red in Fig. 6.16,
which shows the interaction probability when the crystal is placed in the op-
timal channeling orientation. The solid line refers to experimental results, the
dotted line shows simulation output from analytical code that solves the equa-
tion of motion in the crystalline potential as described in [12], and simulation
results obtained using the routine in SixTrack are shown by the dashed line.
Although good agreement is found between the two simulation codes over the
whole angular range, both of them have a discrepancy with respect to mea-
11Amorphous orientations must be avoided at any time during the collimation process.
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surements for small incident angle. This could be explained by small variations
of the crystal angle during data taking, which required about 24h, as thermal
variations could affect the mechanism of the goniometer which supported the
crystal. Further analysis of this discrepancy and its explanation is reported
in [13]. The key point of the plot in Fig. 6.16 is that the nuclear interac-
tion rate is reduced by about a factor five when particles are trapped between
crystalline planes compared to when they pass through amorphous silicon. A
rate comparable to the amorphous case is obtained when particles experience
volume reflection, as reported in [13]. This can be explained by the fact that
particles travel in amorphous silicon before and after the reflection point, cov-
ering a similar distance in the material compared to those undergoing only
incoherent interactions.
6.4 Extrapolations to LHC energy
Predictions of the expected cleaning performance in the LHC of a crystal-
assisted collimation system are strongly dependent on the scaling with energy
of the models implemented in the routine. Thus tests to acquire a sufficient
level of confidence in their reliability are crucial. Since no data at 7 TeV are yet
available, benchmarking between codes is the only way to validate the different
routines in this unexplored energy territory. For this purpose, the routine used
is that described in [12] which proved its predictive power when it gave the
first hint of the volume reflection process more than twenty years before it
was experimentally measured in the framework of the H8-RD22 collaboration.
Thus it can be considered as a valid reference tool to increase our confidence in
predictions made for crystal collimation tests in the LHC at maximum energy.
Although this cannot be considered proper benchmarking, since it only allows
comparisons between simulations codes, the intrinsic differences between the
two codes can give a good indication of the validity of models implemented in
the routine in SixTrack. This is because:
• The routine written by Taratin solves directly the equation of motion of
particles in a crystalline potential.
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Figure 6.17: Channeling and volume reflection efficiency as a function of the crys-
tal bending, for two different crystal lengths. Solid and dashed lines are obtained
using the crystal routine implemented in SixTrack and the analytical code described
in [12], respectively. An incident beam of 7 TeV energy with uniform angular dis-
tribution in the range of ±1µrad was used.
• The routine in SixTrack is based on random extraction of the process
experienced in bent crystals depending on the impact parameter of the
incident protons. Thus it can be considered as an emulation, rather
than a simulation, of what is experienced by particles travelling in bent
crystals.
For these comparisons a 7 TeV beam with uniform angular distribution in the
range of ±1µrad was used12. Channeling and volume reflection efficiency were
estimated for different combinations of crystal length and bending, that were
considered to be in the range of suitable parameters for crystals to be installed
in the LHC. What is obtained is shown in Fig. 6.17, where solid lines refer to
the routine in SixTrack, and dashed lines to the code of Taratin. Agreement
at the level of a few % is present.
6.5 Limitations of the crystal routine
It is crucial to have a clear understanding of possible limitations of any simu-
lation routine in order to avoid those “working points”. The weakness of the
12The divergence of the beam halo in the LHC that will strike the crystal is expected to
be well below 1µrad as discussed in section8.7.1
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Figure 6.18: Distribution of deflections given to protons with an incoming angle
within ±10µrad. Experimental data are reported as blue dots with their statistical
error, simulated data are shown in green, and their convolution with the telescope
resolution is given in red. The binning is chosen according to the experimental
resolution, and histograms are normalized to the total number of entries.
routine implemented in SixTrack is represented by the description of nuclear
dechanneling for extreme bending. In these cases the potential well between
crystalline planes is almost absent, and the few trapped particles are oscillat-
ing very close to the atoms. This condition is reached for a bending radius
below three times the critical bending radius. An analytical treatment of such
regimes is not yet available in the literature, and it could be reproduced only
by simulation codes based on the integration of the equation of motion along
the crystalline potential. Unfortunately this approach would be too slow for
reasonable simulations of collimation cleaning in a particle accelerator, as dis-
cussed in section 5.1. Thus SixTrack simulations for crystals with R < 3Rc
cannot be fully reliable due to underestimated nuclear processes for such bend-
ing conditions.
An example of comparisons using recent data taken in the North Area is
shown in Fig. 6.18, where a crystal with 2Rc < R < 3Rc was tested. As
can be clearly seen, although the population of channeled particles and in
the transition region is well reproduced, a visible discrepancy is present in
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the dechanneling region. It means that the assumptions for estimation of the
channeling efficiency are still valid13, but that fast dechanneling almost entirely
due to nuclear dechanneling is significantly underestimated.
13Measured and simulated channeling efficiency of ∼ 30%
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Chapter 7
Comparison with multi-passage
experiments
After detailed benchmarking against single-pass measurements of the crystal
routine used in our simulation studies, discussed in section 6.3, a further step
is needed in order to provide reliable simulation predictions for the complex
LHC environment. Comparisons with experimental results obtained in multi-
passage experiments are used to validate the implementation of the crystal
routine in the simulation tools used for collimation studies. They require
state-of-the-art tracking through lattice elements and scattering by other col-
limators, in addition to the modelling of coherent interactions with crystals.
During operations in the years 2009-2012, promising results on the feasibility
of crystal-assisted collimation were obtained by the UA9 Collaboration at the
SPS [44–47] which provided a good set of useful experimental data for our pur-
pose. In order to provide a clear understanding of how the experimental tests
are carried out, an overview of the apparatus used and the machine conditions
is given in Sections 7.1 and 7.2, respectively. The main results obtained in the
SPS and comparisons with simulations are discussed in Section 7.3. A new
physics interpretation of the SPS experimental results, based on the outcome
of simulations, is illustrated in Section 7.4.
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Figure 7.1: A diagram of the SPS showing the location of LSS5 where the UA9
experiment is situated, in the old UA1 cavern.
7.1 Experimental Apparatus
The UA9 experiment is placed in the Long Straight Section 5 (LSS5) of the
SPS, as shown in Fig 7.1. The experimental apparatus for crystal collimation
studies consists of various devices, and has been regularly improved during
the years of operation. An illustration of the experimental layout is shown in
Fig 7.2; a more detailed overview is given in [86]. Only those devices relevant
for studies discussed in the following sections are introduced here. The UA9
layout consists mainly of two insertions:
• Collimation insertion (CI), where a prototype collimation system based
on bent crystals is placed.
• High dispersion area (HD), which is equipped to study the leakage of
off-momentum particles from the prototype system.
The main devices in the collimation insertion are:
• Goniometers, used to orientate crystals with respect to the beam enve-
lope.
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Figure 7.2: Schematic of the UA9 experimental layout in LSS5.
• A massive absorber (TAL, 60 cm long bar of tungsten), used to intercept
the channeled and extracted halo.
• LHC collimator prototype, used for alignment and halo shaping purposes.
• Roman pots equipped with different detectors, useful to characterise the
extracted beam halo.
Crystals are placed close to a quadrupole (i.e. α ∼ 0), where an approx-
imately 90 degree phase advance between the crystals and the absorber is
present. This choice minimizes the angular spread of the halo and maximizes
the impact parameter of the channeled particles on the absorber .
Four crystals are installed on different goniometers. They are used to test
the effect of various crystal features (i.e. length, bending, manufacturing tech-
nology) on the system performance. These crystals are regularly replaced de-
pending on the experimental needs, except that one of them has been retained
unchanged to check performance stability over the years.
Unlike all other objects installed in the UA9 layout, suited also for beam
scraping (i.e. any massive, even single-sided, block of material can efficiently
scrape the beam halo thanks to the betatron motion), the prototype of a
standard LHC collimator is the only object which is double-sided and centred
with respect to the nominal reference orbit. It is used to define the initial
reference of any other movable device with respect to the beam orbit.
Roman pots are instrumented with different detectors in a secondary vac-
uum. Two pots on both sides of the beam are present, i.e. internal/external
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Figure 7.3: (Left) The goniometer tank installed in LSS5. (Right) Crystals in-
stalled in the primary vacuum.
(top/bottom) for horizontal (vertical) pots, but are not appropriate for an ad-
equate beam shaping due to the reduced amount of material seen by the beam.
The most useful detector for our purpose is the Medipix [81], which is a pixel
detector with an active area of about 1.5×1.5 cm2, with pixels of 55×55 µm2.
Fig. 7.3 has pictures of the goniometer tank and an installed crystal while
Figs. 7.4 and 7.5 show the TAL and the standard LHC collimator. The Medipix
detector is shown in Fig. 7.6.
The HD area is mainly equipped for measurements of beam loss. The
main feature of this insertion is that it is the location where the dispersive loss
mechanisms that limit beam collimation at the LHC can be measured. Various
beam loss monitors based on different technologies are placed here, to ensure
adequate redundancy in the measurements. In addition, a movable 10 cm long
bar of aluminium is placed in the primary vacuum and used to increase locally
the beam loss rate, if necessary due to the beam conditions.
The main beam loss monitors in the UA9 layout are scintillators and ion-
ization chambers also used in the LHC (LHC-BLMs). They are placed next to
any key element of the experimental layout. Each scintillator station is made
of a pair of plastic scintillators, with an active area of 10× 10 cm2. Single and
coincidence (to discriminate low energy particles) counts are sampled at a 50
Hz rate, to avoid saturation of the scalers. LHC-BLMs are composed of a 50
cm long cylinder of 9 cm diameter, filled with N2 at 100 mbar overpressure
and using an integration time of 1.2 s. Finally, SPS-BLMs are present around
the whole ring. They are similar to the LHC-BLMs but less sensitive, and
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Figure 7.4: (Left) The TAL absorber tank installed in LSS5. (Right) Movable 60
cm long tungsten bar with a quartz Cherenkov radiator on its front face.
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Figure 7.5: (Left) The LHC prototype collimator tank installed in LSS5. (Right)
Internal view of jaws in primary vacuum as seen by the beam, also RF fingers used
to reduce their impedance are clearly visible in white.
are placed in front of each quadrupole of the SPS lattice; 216 SPS-BLMs are
distributed around the whole ring, providing a global overview of the entire
beam loss pattern along the machine, as a function of the layout configura-
tion in LSS5. A picture of these three main detectors is given in Fig. 7.7. In
addition, Gas Electron Multiplier (GEM) and Cherenkov detectors (outside
the beam pipe and in the primary vacuum, respectively) are included in the
experimental layout.
7.2 Machine conditions
Experimental tests in the SPS are carried out during specific Machine Devel-
opment (MD) runs, in which the whole accelerator is completely devoted to
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Figure 7.6: (Left) A Roman pot installed in LSS5. (Right) Medipix detector during
installation in a pot, with sensor shaped adequately to have a minimal amount of
material between the circulating beam and the active surface.
our studies (only the refill of the LHC has higher priority). Usually 4-5 days
per year are allocated for the UA9 experiment, for tests both with protons and
lead ions circulating in the machine. The beam conditions during such MDs
can vary depending on the specific measurements planned. However, all of
them are performed with the machine in COAST. This means that after injec-
tion into the SPS and the energy ramp to get the desired conditions, the beam
is left circulating without any perturbation (i.e. no beam to the extraction
lines, nor any other change of the magnetic fields around the ring). Another
machine property unchanged between runs is the betatron tune, which has
nominal values of QH = 26.13 and QV = 26.18. The physics beam emittance
is kept stable at about 10 nm · rad (in both planes) and is measured using a
wire scanner [87] at the beginning of each fill. This measurement is crucial to
ensure correct interpretation and reproducibility of the experimental data, and
its specific value during each measurement is reported in the sections that fol-
low. The main beam parameters that were tuned for the measurement carried
out are the beam energy and intensity. Studies were performed with beams of
both 120 GeV/c and 270 GeV/c (per unit of charge in the case of ions) with
filling schemes ranging from single bunches up to 288 bunches injected into
the machine. The main influence of these parameters is reflected in the energy
dependence of key crystal channeling parameters, and the size of the losses
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Figure 7.7: The main detectors outside the beam pipe. (Left) Plastic scintillators,
(Middle) LHC-BLMs and (Right) SPS-BLMs.
generated around the whole ring. The measurements shown in the following
sections were performed with 270 GeV/c proton beams, but with a different
circulating intensity that is specified in each associated section.
7.3 Multi-pass measurements
The benchmarking and interpretation of the main observables during the SPS
tests is reported, with a focus on measurement results relevant to extrapola-
tions for the LHC. The characterization of the extracted beam spot on the mas-
sive absorber is discussed in section 7.3.1. The beam loss pattern throughout
the entire SPS and loss rate measured in specific locations of the experimental
insertion are reported in section 7.3.2 and 7.3.3. An original interpretation of
the mechanisms leading to such beam loss is given in section 7.4.
An extensive simulation campaign was carried out to reproduce the ex-
perimental results obtained in the SPS, which is mandatory to increase our
confidence in predictions for the LHC. In particular these studies were per-
formed to test the coupling between the crystal routine and other simulation
tools needed to reproduce a complete scenario of tests in a storage ring, taking
into account:
• Accurate 6D particle tracking
• Proton-crystal interaction
• Complete collimation layout (and its interactions with protons)
• Machine aperture models.
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Table 7.1: Beam conditions during measurement of the extracted beam spot, plus
betatron amplitude and main geometrical parameters of the crystal used.
Beam energy [GeV] 270
Beam emittance [nm·rad] 10
Number of bunches 1
Total circulating intensity [p] 1.5× 1011
Crystal aperture [σx] 3.7
Crystal bending [µrad] 170
Crustal length [mm] 2
7.3.1 Size of extracted beam spot
As explained in section 4.3, one of the main challenges of crystal-assisted colli-
mation is the large amount energy deposition on the absorber used to intercept
the channeled and extracted halo. This is due to the fact that when the crystal
is in extraction orientation, the halo particles are coherently steered creating a
“parasitic” beam, which will deposit most of its energy in a very small spot on
the front face of a massive absorber. Thus, characterisation of the transverse
dimensions of this extracted beam is crucial to understand how to manipulate
it, and if a selected absorber can withstand it without permanent damage.
Measurement
The main beam parameters and the betatron amplitude at the crystal during
this measurement are reported in Table 7.1. The limited circulating intensity
is due to the amount of radiation sustainable by the Medipix detector before
permanent damage. This pixel detector is placed on the expected trajectory
of the extracted halo particles and the angular orientation of the crystal in the
primary halo is varied, while the detector acquires data with a 1 s integration
time. An example of a beam spot recorded with a crystal in the optimum
channeling orientation (i.e. with crystalline planes at entry parallel to the
beam envelope) is shown in Fig. 7.8. A projection of this spot in the horizontal
plane is shown in Fig. 7.9, where the channeled peak has been fitted with a
gaussian, and the background from interactions of circulating particles with
the edge of the Roman pot and the inactive region of the Medipix is fitted
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Figure 7.8: Distribution of the extracted halo particles on the Medipix detector.
The number of counts for each pixel during a 1 s acquisition are shown in colour
code.
with an exponential function. The gaussian fit gives an extracted beam width
of ∼12 pixels, i.e. of 12 × 55 µm = 600 µm, which must be compared with
simulation results discussed below.
Simulation
In order to find an analytical characterisation for the transverse dimensions of
the channeled beam, SixTrack simulations have been carried out on the SPS
optical model, including all the relevant movable elements in the UA9 layout.
Only the crystal used for the measurement, the TAL and a “screen” placed
at the location of the first Roman pot equipped with Medipix detectors are
added to the SPS optical model.
Parametric studies have been performed and the simulated distribution of
the extracted halo has been compared with experimental data. These studies
consisted in variation of the generated halo, to change the incident distribution
on the crystal. It consists of an annulus in the phase space of the selected plane
and a gaussian distribution in the orthogonal one, for computational reasons
discussed in section 5.2.
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Figure 7.9: Horizontal projection of the channeled extracted beam spot, measured
by the Medipix.
Table 7.2: Optical parameters at the UA9 devices. The phase advances (µx) are
referred to the beginning of the SPS ring.
Object βx µx
[m] [rad]
Crystal 87.04 123.48
Medipix 28.19 124.58
Simulations generated the desired halo spread and mean position with a
uniform distribution in the horizontal plane, and gaussian with a 3σ cut in
the vertical plane. The mean impact parameter was varied from about 10 µm
up to about 150 µm, and the angular divergence of the entire distribution was
within the channeling acceptance (i.e. below the critical channeling angle).
This allowed us to evaluate the number of crystal planes used in the extrac-
tion process, depending on the impact parameters on the crystal. The main
result of these studies is that the dimensions and the divergence of the chan-
neled extracted beam are essentially independent of the portion of crystal that
intercepts the halo particles. The simulated distribution of the extracted halo
at the Medipix “screen” does not change when varying the number of crystal
planes used and fits well the experimental distribution seen by the Medipix
itself.
An example of the simulated particle distribution at the Medipix location
is shown in Fig. 7.10. Using the theoretical equation (2.23) introduced in
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Figure 7.10: Simulated particle distribution at the Medipix location; the beam
core is around 0 mm, and the channeled extracted beam around 8.4 mm.
section 2.2.1, crystal parameters in Table 7.1, and optical parameters reported
in Table 7.2, the expected mean of the channeled beam is 8.4 mm. Taking into
account the spread due to the critical channeling angle, i.e. using −θbc and θbc
in equation (7.1), the minimum and maximum displacement of the extracted
particles are 8.1 mm and 8.8 mm respectively, giving a spot width of ∼700
µm.
x(sMedi) =
√
β(sMedi)
β(sCry)
cos (∆µCry−Medi)x(sCry)+ (7.1)
+ θ
√
β(sMedi)β(sCry) sin (∆µCry−Medi) .
Thus, excellent agreement with the experimental results shown previously is
found. In conclusion, considering the crystal as a point-like source of the ex-
tracted halo, the spot size can be calculated using only optical considerations.
Starting from equation (7.1) one can easily show the expected width of the
spot in the plane in which the crystal is acting is given by:
∆x = ∆Θ ·√βCryβAbs · sin (∆µCry−Abs) , (7.2)
where ∆Θ is the angular acceptance of the crystal (i.e. 2θbc), βCry and βAbs are
the beta functions at the crystal and the absorber respectively, and ∆µCry−Abs
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is the phase advance between them. The spot dimension in the orthogonal
plane is given by the natural beam dimension at that location (σy at the
absorber).
7.3.2 SPS beam loss pattern
One of the most significant benchmarks for our simulation tools is to reproduce
the beam loss pattern observed in the SPS tests. In particular, beam losses
taking place outside the experimental insertion and in high dispersion regions
represent the most similar beam loss dynamics that limit the collimation per-
formance in the LHC, as discussed in sections 4.2.2. Thus, our main aim is to
reproduce and give a convincing interpretation of experimental results in these
regions of the ring. However, it is important to note that these interesting re-
sults can be used to benchmark the simulations but are not directly related
to the expected gains from crystal collimation at the LHC. The case of losses
generated with a crystal in an amorphous orientation, used here as a reference
for the computation of beam loss reduction factors, does not correspond to the
performance of an optimized collimation system, such as the one in the LHC.
Direct comparisons between different collimation approaches can be made only
in the LHC itself, as clarified in section 8.7.
Measurement
The loss map measurement was performed during the MD on 20 September
2012, with very challenging machine conditions. The main beam parameters
and betatron amplitudes of the crystal and TAL, for this specific measurement,
are reported in Table 7.3. The same crystal as in the previous section was used.
A full (i.e. filled with 288 proton bunches) machine with 25 ns bunch spacing
was needed because of the high threshold of the SPS-BLM system, which is
optimized to protect the machine in case of fast and high unexpected losses.
It is not sensitive enough to perform measurements of loss rates from a single
bunch so an intensity that generates loss rates above the SPS-BLM sensitivity
is crucial to study the beam loss pattern around the whole machine, as a
function of the crystal orientation. Such a high number of stored protons in
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Table 7.3: Beam conditions during measurement of the SPS beam loss pattern,
plus betatron amplitude of the crystal and TAL.
Beam energy [GeV] 270
Beam emittance [nm·rad] 7
Number of bunches 288
Total circulating intensity [p] 3.3× 1013
Crystal aperture [σx] 4.0
TAL aperture [σx] 6.4
COAST is very unusual for SPS operation (which is no longer optimized for
it), leading to different problems of beam instability and electron cloud. As a
consequence, it was possible to perform only one measurement of the complete
loss map around the whole SPS ring for two different crystal orientations.
A dedicated experimental procedure was conceived to minimize the influ-
ence on the beam dynamics (i.e. static measurements are performed) and also
consider the possibility of three different SPS-BLM gains (low, medium and
high):
1. Background estimation: the loss rates around the whole ring, given
by the only beam presence, are measured for the different detector gains.
This is because scattering by residual gas in the beam pipe can generate
loss rates to which detectors are sensitive. The beam is left circulating
with all movable objects retracted, and counts registered at different
SPS-BLM gains are acquired for several minutes.
2. Layout set-up: the standard beam based alignment using the LHC
collimator prototype is performed, and then only the crystal and TAL
are placed at the betatron amplitude reported in Table 7.3.
3. Preliminary angular scan: the angular orientation of the crystal act-
ing as primary aperture restriction is varied in order to establish the
optimal crystal channeling orientation.
4. Channeling: the crystal is placed in the optimal angular orientation.
After beam stabilisation, the loss rate measured by the SPS-BLM system
is acquired for several minutes, for each of the three possible gains.
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Figure 7.11: Measured beam loss maps in the SPS. Only the SPS-BLMs that fulfil
the selection criteria described in the text are shown. Losses generated with crystal
in channeling (red) and amorphous (green) orientation are shown.
5. Amorphous: the crystal angle is modified to depart from the channeling
regime, and act as a 2 mm long amorphous silicon scraper. The loss rate
measured by the SPS-BLM system is acquired for several minutes, for
each of the three possible gains.
The data collected as described above, are then analysed with the following
main steps:
• The signals of all 216 SPS-BLMs are individually checked, to exclude
monitors in saturation or affected by electromagnetic noise. Any de-
tectors showing odd behaviour during the whole MD (such as negative
counts) are also excluded.
• For this first sub-set of SPS-BLMs the average (l¯) and RMS values (∆l)
of the measured losses are calculated. This is performed on: the back-
ground signal, i.e. item 1 in the experimental procedure (l¯BKG, ∆lBKG);
channeling orientation, i.e. item 4 (l¯CH , ∆lCH); and amorphous orienta-
tion, i.e. item 5 (l¯AM , ∆lAM). Clearly, this is done separately for each
gain.
• A final list of working SPS-BLMs is composed of detectors that fulfil the
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Figure 7.12: Loss reduction factors in each working SPS-BLM, i.e. the ratio
of the measured losses with the crystal in amorphous orientation with respect to
channeling, as shown in Fig. 7.11.
condition:
l¯CH − l¯BKG > 3 ·∆lBKG (7.3)
Regarding the last selection step, different separations between l¯BKG and
l¯CH were tested ranging from ∆lBKG to 5 · ∆lBKG. The final selection of the
SPS-BLM gain was based on stability, and the number of SPS-BLMs passing
this test. Finally, signals obtained with high gain were used, because the
selection process was stable above 3 ·∆lBKG separation. Only 29 SPS-BLMs
out of 216 passed this selection criterion, and the individual background is
subtracted.
A loss map generated as described above, for the cases with crystal in
channeling and in amorphous orientations, is given in Fig. 7.11, where the
levels of losses registered with the two crystal orientations are superimposed.
These data are then used to calculate the loss reduction factor achieved
when crystal collimation is in place, which is calculated as:
Ri =
l¯iAM
l¯iCH
; (7.4)
for each working SPS-BLM (i), and shown in Fig 7.12. It is important to
note here that none of the SPS-BLMs show a ratio below one, meaning that
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particle losses are consistently reduced along the whole ring when crystals are
in channeling compared to amorphous orientation. Moreover, the reduction
factor of about 18 triggered the studies reported in the following sections.
This is because, using proton beams, such a high level of loss reduction was
never observed by the UA9 instrumentation, so a deeper investigation of the
experimental results was carried out.
Simulation
Extensive simulations were performed, with statistics of more than 107 p, to
reproduce the distribution of particles lost on the beam pipe for the whole
machine. Beam and layout parameters are consistent with experimental values
reported in Table 7.3. Only the specific crystal used and the TAL are added
to the optical model of the SPS, in which SixTrack simulations are carried
out.
Two crystal orientations were simulated:
• CH: the entry of the bent crystal planes parallel to the beam envelope,
i.e. in optimal channeling orientation for halo particle extraction.
• AM: Crystal with a tilt of 300 µrad with respect to the beam envelope,
i.e. equivalent to a 2 mm long piece of amorphous silicon.
The simulated beam loss maps are superimposed in Fig. 7.13. It is im-
portant to remark that the number of protons lost per metre is obtained as
simulation output, and not the expected signal on the SPS-BLM. Further steps
are needed to take into account the development of hadronic showers and de-
tector responses, as described in section 5.2.2. To perform a simulation for
each loss peak would be unfeasible. Instead, integrated losses in the closest
cluster upstream of the detector are used as a representative value that can be
considered proportional to the detector signal to a first approximation. Since
the distribution of losses within the clusters does not change significantly as a
function of crystal orientation, as shown in Fig. 7.14, relative measurements
remove the need to reproduce the absolute signal in the detectors. This is be-
cause conversion factors derived to couple the number of protons lost in front
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Figure 7.13: Simulated loss map along the entire SPS. Black bars indicate the den-
sity of protons lost per meter in the crystal and TAL (values obtained in channeling
orientation are shown), while red and green ones on the beam pipe, for crystal in
channeling and amorphous orientation, respectively.
of the detector with the detector signal itself, are cancelled by the ratio of
losses obtained for the two crystal orientations.
Due to the reduced number of SPS-BLMs sensitive to the loss rate produced
during the measurement, it is hard to perform a relative and global comparison
of the beam loss pattern around the whole machine. However, as explained
previously, our main goal is to reproduce and give an interpretation of beam
loss due to off-momentum particles escaping from the collimation insertion,
since this is the factor limiting performance in the LHC. The location of the
SPS-BLM showing a reduction factor of about 18 in Fig. 7.12 (SPS-BLM
in front of QF.52410), represents one of the most interesting places for our
purposes, as better explained in section 7.4. Therefore losses occurring in the
two crystal orientations, in the longitudinal range shown in Fig. 7.14, are
integrated and their ratio is compared with respect to the SPS-BLM placed as
indicated by the blue arrow in the same figure, obtaining:
R =
SlossAM
SlossCH
= 19.2± 1.1 , (7.5)
where SlossAM and S
loss
CH are the integrals of the simulated losses in the cluster
shown in Fig. 7.14, with the crystal in amorphous and channeling orientation,
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Figure 7.14: Cluster of losses in front of the QF.52410 (corresponding to the factor
of about 18 in Fig. 7.12). The location of the detector is indicated by the blue arrow,
losses generated with crystal in channeling and amorphous orientation are shown in
red and green, respectively, and the integration range is indicated in orange.
respectively, and errors are calculated using the propagation of individual sta-
tistical errors. Thus, this is a ratio between the normalised number of protons
lost at that location, with respect to the total number of particles intercepted
by the system for the relevant crystal orientation. The good agreement be-
tween experimental and simulated values, led to the positioning of UA9 de-
tectors (such as a scintillator and an LHC-BLM) at this location, to have a
picture of loss rate behaviour during a complete angular scan, as reported in
the next section. Moreover, further investigation of the results produced a new
interpretation of the SPS experimental data, discussed in section 7.4.
7.3.3 Angular scans
Following the results obtained in the comparison between experimental and
simulated beam loss pattern in the SPS, predictions were made for a complete
angular scan of the crystal. Beam losses as a function of the crystal angle are
compared with simulation predictions in specific points of the ring.
Measurement
The angular scan discussed in this section was performed during the MD on
25 November 2014, with machine conditions and layout settings reported in
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Table 7.4: Beam conditions during angular scan measurement, plus betatron am-
plitude of the crystal and TAL.
Beam energy [GeV] 270
Beam emittance [nm·rad] 9
Number of bunches 12
Total circulating intensity [p] 1.3× 1012
Crystal aperture [σx] 4.1
TAL aperture [σx] 7.6
Table 7.4. The crystal used for this measurement is the same one as used
for the measurements discussed in the previous sections. The main constraint
on the injection scheme (i.e. 12 bunches) is given by the low beam loss rate
expected in the new location where UA9 detectors were moved (i.e. in front
of QF.52410), as shown in Fig. 7.14.
The experimental procedure followed was very similar to that explained in
section 7.3.2, but now focused on the beam loss rate seen by UA9 detectors as
a function of the crystal angle. Thus, the main steps were:
1. Background estimation: the beam loss rate due only to the beam is
evaluated for each UA9 detector, with all movable objects in the layout
retracted.
2. Layout set-up: the standard beam-based alignment using the LHC
collimator prototype is performed, and then the crystal and TAL are
placed at the betatron amplitudes reported in Table 7.4.
3. Detailed angular scan: the angular orientation of the crystal acting
as primary aperture restriction is varied between the two extreme amor-
phous orientations, with an angular speed of 1 µrad/s.
The most useful locations for benchmarking purposes are:
• Closest detector to the crystal moving angularly.
• Detectors placed in the HD area introduced in section 7.1, and those
moved in front of QF.52410. The beam loss rate detected in these
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Figure 7.15: Normalised loss rate seen by the closest scintillator to the crystal
during an angular scan. The loss rate reduction factor is also indicated.
locations is a direct observation of losses generated by leakage of off-
momentum particles from the experimental insertion.
The normalised loss rates seen by scintillators placed in these locations
are reported in Figs. 7.15, 7.16 and 7.17, respectively. The experimental
background is subtracted and the counts are normalised to the value seen when
the crystal behaves as a 2 mm long amorphous silicon scraper. Scintillators
are used, being more sensitive to low rates. The scalers of these detectors are
read at 50 Hz (to avoid saturation), and the experimental signal shown here
is given by their sum. A significant level of noise is present, and could be
connected to beam instabilities. In particular orbit oscillations at the crystal
location can have a significant impact on the detector signals: if an orbit drift
away from the crystal occurs, a drop of loss rate is observed because no object
touches the beam. Conversely, in the case of an orbit drift towards the crystal
a loss spike would be seen because a larger beam fraction is intercepted, and
losses around the ring are proportional to it.
Experimental evidence for such effects would be loss spikes occurring when
the transverse position of crystals is stable, which are comparable to spikes
observed when a crystal movement toward the beam core is carried out. This
means that if a loss spike with the same characteristics (i.e. height and decay
time) as observed when a step of 100 µm (i.e. about 0.1 σx at the crystal) is
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Figure 7.16: Normalised loss rate seen by scintillator UA9 HD (shown in Fig.
7.24). The loss rate reduction factor is also indicated.
taken toward the beam core is observed also when the crystal position is fixed,
an orbit drift of about 100 µm toward the crystal has taken place.
An increased fraction of intercepted beam by the crystal could also be due
to a drop of beam lifetime; however this observable was stable during our
measurements.
In conclusion, with the layout parameters reported in Table 7.4, reductions
in loss rates of 11.8±2.5 at the crystal location (Fig. 7.15), 8.3±2.0 in the HD
area (Fig. 7.16) and 18.1± 2.8 in the new location (Fig. 7.17) were observed.
Simulation
Multiturn simulations with SixTrack were performed for different crystal ori-
entations. Only the specific crystal used and the TAL are added to the optical
model of the SPS, with beam parameters and layout configuration consistent
with what is listed in Table 7.4.
In Fig. 7.18 the simulated nuclear interaction rate in the crystal, as a func-
tion of its angle with respect to the beam envelope, is superimposed on the
beam loss rate measured by the closest scintillator to the crystal. As expected,
and already observed in UA9 publications [44, 45], a discrepancy is observed
between the measured reduction of loss rate at the crystal and the nuclear
interaction rate in the crystal itself. This is because further simulation steps
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Figure 7.17: Normalised loss rate seen by the scintillator in front of the QF.54210
(shown in Fig. 7.24). The reduction factor of loss rate is also reported.
would be required to reproduce the resulting detector signals due to nuclear
interactions in objects in the primary vacuum. However, from the consider-
ations discussed in the previous section, relative studies based on integrated
losses on the beam pipe, measured in the closest cluster of losses with respect
to the detector location, can be used to overcome this need.
In fact, a reduction of inelastic interactions in the crystal by a factor about
60 is obtained in simulations, while a factor of about 10 is observed using the
loss rate measured by scintillators at this location.
However, qualitative agreement is observed: the classic dip due to the
reduced interaction rate when the crystal is in the optimum channeling orien-
tation (1 in Fig. 7.18), is clearly visible in both experimental and simulated
data. The plateau observed when most of the protons incident on the crystal
are volume reflected is also present (2 in Fig. 7.18), together with a secondary
dip (3 in Fig. 7.18) that can be explained by the different TAL transparency
discussed later; the reference value obtained when the crystal behaves as an
amorphous silicon scraper is indicated by 4 in Fig. 7.18. In addition the
widths of the features in the plot do not agree perfectly; the experimental
data are slightly broader than that simulated, and a working hypothesis has
been proposed. Signal decimation was performed; instead of summing all 50
scintillator acquisitions during one second while the crystal angle is changing
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Figure 7.18: Normalised loss rate seen by the closest scintillator to the crystal,
superimposed on the simulated reduction of inelastic interactions in the crystal,
shown by continuous and dashed lines, respectively.
continuously, only a single acquisition is made at one angle. This leads to
narrowing of the experimental shape, i.e. better agreement between measured
and simulated shapes is observed, but the experimental signal becomes more
noisy. Moreover, the measured width is affected by the orbit oscillations ex-
plained previously, which cause evident dips (5 and 6 in Fig. 7.18). These
oscillations are stochastic and are not included in the simulations, where a
perfect crystal and machine are considered. Thus, 5 and 6 in Fig. 7.18 are
examples of experimental features where an orbit oscillation away from the
crystal takes place. The time needed to restore the beam to the initial orbit,
i.e. to restore the initial beam loss rate, leads to a broadening of the shape.
More investigations of this hypothesis are needed.
The loss rate measured by scintillators in the HD area is superimposed
on simulation results in Fig. 7.19; similar considerations about the overall
shape also apply in this case. However, excellent agreement is obtained on the
relative reduction of loss rate when the crystal is in the channeling, compared
to amorphous, orientation. The simulated loss rate at this location is obtained
by integrating the expected beam loss in a precise longitudinal range, defined
in the next section (ROI 3 defined in Table 7.8).
Predictions made for the loss reduction in the new location of UA9 de-
tectors were also confirmed (ROI 5 defined in Table 7.8). This is shown in
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Figure 7.19: Normalised loss rate seen by the scintillator in ROI 3 (Fig. 7.24),
superimposed on the simulated losses in this ROI, shown by continuous and dashed
lines, respectively.
Fig. 7.20, where measurement and simulation results are superimposed. The
shape is also affected by the considerations discussed above, while the beam
loss reduction when crystal in the channeling, compared to amorphous, ori-
entation is in excellent agreement. This validation of simulation predictions,
based on what will be discussed in the next section, provides confirmation of
our understanding of the dynamics of beam loss generated by off-momentum
particles leaking from the crystal collimation insertion in the SPS, and of the
predictive power of our tools for the LHC.
Using output from these simulations it is possible to evaluate different
quantities that have a significant impact on the process of crystal collimation
in the SPS tests, as clarified in the next section.
The average number of passages through the crystal (p¯) before a particle
is either absorbed (in the crystal or in the TAL) or lost on the aperture,
depending on the crystal orientation, can be evaluated as:
p¯ =
NCryhit
Ntot
, (7.6)
where NCryhit is the number of passages accumulated during the whole simula-
tion, and Ntot the total number of particles intercepted by the system. The
average number of passages through the crystal is shown in Fig. 7.21, as a
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Figure 7.20: Normalised loss rate seen by the scintillator in ROI 5 (Fig. 7.24),
superimposed on the simulated losses in this ROI, shown by continuous and dashed
lines, respectively.
function of its angular orientation. Minimum and maximum values of about
1.3 and 29.1 are obtained, respectively. This indicates that when the crystal is
in channeling orientation most of the particles are coherently steered onto the
TAL, at the first transit of the crystal. Only a few of them acquire a kick that
is not adequate to reach the TAL (or to get lost in the machine) and impact
again on the crystal.
The fraction of halo particles intercepted by the crystal and that are ab-
sorbed in the TAL, can be evaluated as:
fabs =
NTALabs
Ntot
, (7.7)
where NTALabs is the number of deep inelastic events that took place. This is
shown in Fig. 7.22, as a function of the crystal orientation. It goes from about
85.1 % to 99.6 %, with the crystal in amorphous and channeling orientation
respectively. This difference in the absorbed fraction of particles intercepted by
the system can be explained by the significantly different incident distribution
on the TAL, as a function of the crystal orientation. As discussed in the next
section, when protons incident on the crystal mainly undergo channeling, a
large impact parameter on the TAL is obtained (Fig. 7.30, left). On the other
hand, with the crystal in an amorphous orientation, most of the protons are
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Figure 7.21: Average number of passages through the crystal, before a proton is
either lost on the aperture or absorbed.
incident on the TAL edge facing the circulating beam (Fig. 7.30, right) where
a reduced amount of material is available to absorb them, and the stopping
power of the TAL is decreased.
Similar considerations can be applied to the TAL transparency, defined as:
t =
NTALhit
NTALabs
. (7.8)
This relation leads to a first estimation of the TAL transparency as a function
of the impact distribution (i.e. of the crystal orientation). As shown in Fig.
7.23, the fraction of protons able to emerge from the TAL varies from about
0.5 % to 9.9 %, for a crystal in channeling and amorphous orientations, respec-
tively. The second dip of losses taking place at the end of the volume reflection
region before returning to an amorphous orientation (3 in Fig. 7.18), is also
connected to the path performed by particles in the absorber, due to the signif-
icantly different impact parameter distributions that modify its transparency
(i.e. absorption efficiency), as a function of the crystal orientation.
7.4 Physics interpretation of SPS results
A possible interpretation of the experimental results obtained in the SPS tests
is given, based on the main simulation results and with first principle con-
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Figure 7.22: Fraction of protons intercepted by the system that are absorbed by
the TAL, as a function of the crystal angle.
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Figure 7.23: Transparency of the TAL as a function of the crystal angle.
siderations as support. Simulations performed to reproduce a complete beam
loss pattern around the entire machine, discussed in section 7.3.2 (with main
parameters reported in Table 7.3), are used.
The simulation environment was improved to perform the studies shown in
this section, in order to reconstruct the interaction history of each simulated
proton. The main outcome was the possibility to study and decouple the
source of particle loss at any location of the ring; it is now possible to know
which interaction led to the loss, and in which object it took place. This
allowed a quantitative analysis providing a physics interpretation of the beam
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Table 7.5: Deep inelastic events (fabs defined in equation 7.7) at the crystal, as
a function of the crystal orientation. (errors are not shown because they are very
small, due to the very high statistics used)
Crystal orient. fabs
CH 0.2× 10−2
AM 12.4× 10−2
loss pattern as measured and simulated.
A preliminary analysis to understand the different dynamics of intercepted
halo particles, as a function of the crystal orientation, is to study the number
of deep inelastic interactions taking place in the two collimation stages, i.e.
at the crystal and at the TAL. This can be done by applying equation (7.7)
also to the crystal. The outcome is reported in Table 7.5, and the reduction
factor of deep inelastic events in the crystal, depending on its orientation, can
be estimated as:
RCry =
fAMabs
fCHabs
∼ 61.9 . (7.9)
In principle, the same reduction of loss rate measured by the closest detector
to the crystal location would be expected. However, this was never observed
experimentally. Moreover, the different transparency of the TAL as a function
of the crystal orientation (shown in the previous section) emphasises the need
for detailed tracking of the surviving protons, until they are absorbed in sub-
sequent turns or lost on the aperture. This indicates how important it may be
to have a global view of beam loss for the whole beam pipe, and not only at
key objects such as the crystal and TAL.
As a first step, one can consider the losses generated around the entire
machine by the two different objects that can cause them. This can be eval-
uated as
Lji
Ntot
, where Lji is the number of protons lost on the beam pipe for
a given crystal orientation j (i.e. AM or CH), caused by particles that had
an interaction only with the crystal (i.e. i = Cry.) or that emerged from the
TAL (i.e. i = TAL). The result is reported in Table 7.6, from which it is
possible to see that the losses around the ring with the crystal in CH orienta-
tion are dominated by protons that emerge from the TAL, which are then lost
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Table 7.6: Fraction of protons lost in the whole SPS depending on their source,
and on the crystal orientation.
Source Cry. in CH Cry. in AM
Crystal (3.21± 0.03)× 10−4 (1.85± 0.01)× 10−2
TAL (2.63± 0.01)× 10−3 (1.67± 0.01)× 10−2
Table 7.7: Loss reduction factors for the whole SPS, when the crystal is in CH
orientation compared to AM orientation. Calculated for the two sources of losses
independently, and for their convolution.
Source Reduction factor
Crystal 57.45± 0.75
TAL 6.35± 0.04
convolution 11.92± 0.05
on the geometrical aperture of the machine. The influence of such losses gen-
erated after a passage through the TAL becomes more clear when individual
factors of loss reduction are computed separately for each source of loss, and
for their convolution. These factors are reported in Table 7.7, where errors are
calculated using the propagation of individual statistical errors.
The SPS was divided in seven Regions Of Interest (ROI), in which the
origin of the protons lost there was studied. An overview of the main features
related to each ROI is given in Table 7.8. These studies are based on different
normalisations of the integrated losses in defined longitudinal ranges. The
influence of the integration range was tested by varying slightly the extent of
each ROI, and the results were found to be stable at the percent level. These
normalised integrated losses are then used to perform relative studies between
beam loss patterns obtained for the two crystal orientations, which are justified
by what is discussed in section 7.3.2.
The main criterion in the definition of integration ranges (i.e. extent of
each ROI) is to decouple betatron and off-momentum losses, also taking into
account the locations of simulated loss clusters that could allow comparisons
with experimental data. For example, ROI 3 corresponds to a cluster in the
UA9 HD dispersive area (introduced in section 7.1), while ROI 5 to one in
front of quadrupole QF.54210 (factor of about 18 in Fig. 7.12), as shown in
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Table 7.8: Longitudinal ranges defining seven ROI’s for beam loss analysis around
the SPS, with a description of the rationale behind these choices.
ROI s [m] Description
1 5180 → 5244 Region between crystal and TAL: purely betatron
loss.
2 5244 → 5307 Region starting after TAL up to the beginning of
the first dispersive peak: betatron losses predomi-
nate.
3 5307 → 5314 First high dispersive peak after LSS5: off-
momentum loss predominates, with some betatron
loss from TAL.
4 5350 → 5360 Increasing dispersion function between the two dis-
persive peaks: purely off-momentum loss.
5 5362 → 5373 Second high dispersive peak after LSS5: purely
off-momentum loss.
6 5373 → 5180 Rest of the machine, from after the second disper-
sive peak back to the crystal: mixture of betatron
and off-momentum losses.
7 0 → 6911.5 Entire machine.
Fig. 7.24.
As explained in section 4.2.2 losses due to off-momentum protons leaking
from the collimation insertion and then lost in the first dispersion suppressor
represent the main limitation to system performance in the LHC. The main
goal of this study is to reproduce and to give a physics interpretation of the
distribution of protons lost in the first two high dispersive peaks after LSS5 in
the SPS.
The main mechanism of particle loss in each ROI can be determined by
looking at the periodic dispersion function, plotting the impact points on the
beam pipe, and the δp/p of lost protons. A region can be considered populated
by only off-momentum losses if at the same time there is a high value of
dispersion, and all impacts on the beam pipe are on the horizontal plane and
on one side (given by the trajectory shift due to Dx × δp/p). The periodic
dispersion around the UA9 insertion in LSS5 is shown in Fig. 7.25, which is
linked to the list of ROIs in Table 7.8. The descending part of the dispersion
function between ROIs 3 and 4 has no ROI defined. This is because very few
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Figure 7.24: Zoom of the simulated loss map shown in Fig. 7.13. The locations
of detectors used in these studies are indicated by the blue arrows, losses generated
with crystal in channeling and amorphous orientation are shown in red and green,
respectively, and the integration range relative to each ROI is also reported in orange.
protons coming from the crystal are lost there, and an unacceptable statistical
error results.
Two different normalisations were applied to each cluster population, lead-
ing to different “observables”:
1. Beam loss sharing (Ls) between different ROIs:
Ls =
Lik
Ltot
, (7.10)
where Lik is the number of protons lost in the selected ROI (k) due to
the source i (i.e. crystal or TAL) and Ltot the loss for the whole ring,
which are calculated for both crystal orientations (i.e. AM and CH).
2. Fraction of proton lost in each ROI (Fl):
Fl =
Lik
Ntot
, (7.11)
which is also calculated for both crystal orientations.
Results obtained with the normalisation 2 are shown in Fig. 7.26. As can
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be seen from this plot, losses due to protons emerging from the TAL make up
the dominant contribution in most of the ROIs, both in CH and in AM.
The total reduction of losses in these ROIs will be more representative of
how the TAL transparency is modified by the different impact distributions,
rather than the indirect observable of the reduced inelastic rate at the primary
collimation stage. Therefore, ROIs in which losses due to the two sources are
comparable can give a better evaluation of losses generated by the crystal itself,
depending on its angular orientation. This is clearly visible in Fig. 7.27, where
the loss reduction factors in each ROI are computed for the two sources (i.e.
crystal and TAL) independently, and for their convolution. It is important
to note here that the simulated reductions in ROIs 3 and 5 are very close
to measured values at these locations with the UA9 instrumentation [45, 46]
and with the SPS-BLM in Fig. 7.12, respectively. In ROI 1, the simulated
reduction of losses is very close to the reduced interaction rate at the crystal
(Table 7.7). This is because betatron losses due mainly to nuclear elastic
events at the crystal are the dominant contribution. This is not observed
experimentally; a possible explanation could be the presence of other objects
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Figure 7.26: Integrated beam loss in each ROI, normalised to the total number of
particles intercepted by the system.
in the UA9 insertion [86] that could shield the instrumentation and affect the
signals from hadronic showers.
However, it is necessary to understand the dynamics behind these reduction
factors. A crucial step is to study how losses coming from the two individual
contributions are shared between the ROIs. This is shown in Fig. 7.28. As
a first result of this analysis, it can be noted that the particles lost after
the interaction only with the crystal are distributed, in each ROI, almost
identically for the different crystal orientations. On the other hand, after
interacting with the TAL, the losses depend more on the crystal orientation.
It is important to note the logarithmic scale in Fig. 7.28, and that the variation
over several orders of magnitude is reproduced almost perfectly by betatron
losses due only to interactions with the crystal (i.e. in ROIs 1, 2, and 6) while
what is lost after interacting also with TAL shows larger differences depending
on the crystal orientation. A possible explanation could be the following:
• Losses generated by the crystal can come only from protons that
acquired a “kick” (angular deviation) which is not adequate to reach
the TAL aperture. The phase space coordinates of outgoing particles
from the crystal in different orientations are shown in Fig. 7.29, where
the TAL acceptance is also shown. Protons that could be lost after
interacting only with the crystal occupy about the same phase space
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Figure 7.27: Loss reduction in each ROI with crystal in CH compared to crystal
in AM. In red the reduction of losses generated by the crystal, in blue the reduction
of losses generated by the TAL, in green the convolution of the two sources of losses.
(the impact distributions are the same, and similar kicks are acquired)
but by different amounts. The differential equation theory states that
particles with similar starting conditions will follow similar trajectories
(Cauchy-Lipschitz theorem). Hence, betatron losses in particular will
take place in the same regions of the machine, because they are generated
by particles starting from about the same phase space area, which will
propagate in almost the same way. This would then explain why betatron
losses taking place after interacting only with the crystal are distributed
in same proportions for different crystal orientation (Fig. 7.28), but by
different amounts (Fig. 7.26).
• Losses generated by the TAL have completely different dynamics
because the impact distribution changes drastically, depending on the
crystal orientation. This is clearly visible from Fig. 7.30, where the
projections on the horizontal plane of all the inelastic interactions in the
TAL are shown, for the two crystal orientations. When the crystal is
oriented to extract the beam halo, most of the protons of the extracted
halo incident on the TAL are confined in a small spot, which means
that most of the protons able to emerge from it traverse about the same
path in tungsten. Only a small fraction of protons impact very close
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Figure 7.28: Sharing between ROIs of the losses generated by the two sources.
to the TAL edge, which are those that experience either dechanneling
or accumulated an adequate kick at the crystal from elastic processes.
When the crystal is set to the AM orientation, the impact distribution is
confined to a very small region close to the TAL edge, on the surface that
faces the circulating beam. This means that the average path travelled in
the TAL is reduced significantly, and protons will emerge with completely
different (x, y, x′, y′, δp/p), compared to the crystal in CH. A different
sharing and amounts of generated losses are therefore expected.
This proposed explanation implies that if the TAL were to be a black ab-
sorber, a constant loss reduction factor of an amount very close to the reduced
interaction rate at the crystal would be expected where betatron losses are pre-
dominant. This is confirmed by the plot in Fig. 7.31, where a TAL treated as
a black body was used in the simulations. On the other hand, the presence of
losses generated by particles that travelled different paths in the TAL, can in-
duce a sort of modulation in the total loss reduction depending on the location
of the ring, which is observed experimentally. Therefore the energy spectrum
of particles emerging from the crystal and TAL was studied as a function of
different crystal orientations. Such spectra are shown in Fig. 7.32 and 7.33 for
crystal and TAL, respectively, with crystal in CH and AM orientation. They
are normalised to the total number of protons intercepted by the system, and
show that:
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Figure 7.29: Phase space coordinates of outgoing particles from crystal in CH and
AM orientations, in green and red, respectively.
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Figure 7.30: Projection on the horizontal plane of deep inelastic events in the TAL
volume, (right) for the crystal in CH and (left) for the crystal in AM. Events are
normalised to the total number of protons intercepted by the system.
• Energy losses of particles surviving an interaction with the crystal are
dominated by ionisation energy loss. The different height in the left and
right plots of Fig. 7.32 is due to the different number of average passages
through the crystal depending on its orientation. However, such energy
loss leads to a negligible δp/p that is well within the machine acceptance.
As expected, energy loss that could lead to off-momentum losses coming
from the crystal is due to single diffractive events that are sensitive to the
reduced interaction rate when the crystal is in CH orientation compared
to AM.
• Energy losses of particles surviving an interaction with the TAL differ
significantly depending on the crystal orientation. When the crystal is in
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Figure 7.31: Ratio of loss reduction in each ROI for the crystal in CH mode
compared to AM, when the TAL is considered as a black absorber.
CH such energy losses are dominated by ionisation over a path of 60 cm in
tungsten, which are enough to generate a δp/p leading to off-momentum
losses. If the crystal is in AM orientation, losses due to shorter paths in
the TAL are predominant, while a significant number of single diffractive
events is always present.
The plots in Fig. 7.32 and 7.33 have to be combined with the energy
spectrum of the particles lost in ROIs 3 and 5, where off-momentum losses take
place. Such spectra are shown in Fig. 7.34 and 7.35, respectively, where the
interaction leading to these losses is indicated. As can be seen from Fig. 7.34
(left), losses in ROI 3 are dominated by channeled particles that survived after
a path of 60 cm in tungsten. This spectrum varies when the crystal is set to AM
orientation (Fig. 7.34 (right)), as shown by the spectrum of protons emerging
from the TAL (Fig. 7.33 (Right)). This confirms that particle loss taking
place at the first dispersive peak after LSS5 is dominated by off-momentum
particles coming from an interaction with the TAL. The situation changes
significantly in ROI 5, where losses due to single diffractive events in the crystal
are comparable to off-momentum losses generated by the TAL.
Thus, the first dispersive peak acts as a scraper of off-momentum particles
coming from the TAL, which combined with the higher dispersion of the second
peak, leads to a comparable amount of off-momentum losses from the two
sources in ROI 5. Moreover, the phase advances (shown in Fig. 7.25) between
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Figure 7.32: Spectrum of energy offsets given to protons not absorbed in the
crystal: (Left) crystal in CH, (Right) crystal in AM.
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Figure 7.33: Spectrum of energy offsets given to protons not absorbed in the TAL:
(Left) crystal in CH, (Right) crystal in AM.
the two different locations give rise to larger displacements of particles that
acquired a kick at the TAL and the crystal in ROI 3 and 5, respectively. In
fact, a few betatron (compared to off-momentum) losses coming from the TAL
are also present in the ROI 3, while purely off-momentum losses are present
in ROI 5. Thus, a cluster of losses in ROI 5 may be more representative of
the nuclear interaction rate reduction at the crystal. For this reason it was
proposed to move a set of UA9 detectors close to the SPS-BLMs placed in
this ROI, in order also to be sensitive to the losses generated with less injected
intensity and to allow a complete angular scan of the crystal. The experimental
validation of the hypothesis discussed above, was discussed in section 7.3.3.
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Figure 7.34: Spectrum of energy offsets of particles lost in ROI 3: (left) crystal in
CH, (right) crystal in AM.
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Figure 7.35: Spectrum of energy offsets of particles lost in ROI 5: (left) crystal in
CH, (right) crystal in AM.
7.4.1 Main outcomes
The studies presented here have led to a revised understanding of the exper-
imental data taken in the SPS tests. The main difference compared to past
interpretations is the influence of debris coming from the secondary absorber
on the measured loss rates at different points of the accelerator. In all the
studies published so far [44–47] the TAL was considered to be a black ab-
sorber, and discrepancies with respect to experimental data were thought to
be connected to possible crystal imperfections.
The main contribution to this new interpretation is from the use of state-of-
the-art simulation codes that provide 6D particle tracking through the accel-
erator lattice as well as modelling interactions with bent crystals and standard
collimators, plus the addition of a detailed aperture model of the machine
under study.
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Studies carried out in the past were based only on deep inelastic events
taking place in objects placed in the primary vacuum. However, the studies
shown here demonstrate that the beam loss pattern observed experimentally
is better approximated by losses occurring on the geometric aperture of the
machine.
The treatment of the TAL as black absorber has been disproved by quan-
titative comparisons between experimental and simulated data, with explana-
tions from first principles as support.
Experimental validation of this new interpretation, as well as the assump-
tions and predictions, was obtained during the most recent tests in the SPS.
This was shown in section 7.3.3, where predictions of beam loss behaviour
during a complete angular scan of the crystal were confirmed. The excellent
agreement between simulated and experimental data in key locations of the
ring shows that system performance is much more influenced by the overall
dynamics in the accelerator than by possible crystal imperfections. Of course
they can have a significant role, but at a higher level of quantitative compar-
isons (unless the crystal quality is very low). Further investigations of crystal
and machine imperfections are nevertheless needed to have a complete overview
of their influence on experimental results.
It is important to remark that this validation involved loss rates observed
in the first two high dispersive peaks after the experimental insertion, where
off-momentum losses occur. These losses represent the main limitation of be-
tatron collimation in the LHC, where leakage of off-momentum particles from
the collimation insertion occurs in the first encountered dispersion suppressor.
Thus, significant confidence in the tools used to design the crystal collimation
layout and to predict the system performance during tests in the LHC was
achieved. Moreover, the present studies and subsequent interpretation of ex-
perimental data can be applied to the LHC and permit a realistic estimate of
how much a crystal system can improve the collimation efficiency compared
to the present, as well as features unrelated to this collimation technique but
due to non-optimized absorption of channeled halo particles by the secondary
stage, as clarified in the next chapter.
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Chapter 8
Design of a prototype crystal
collimation system for LHC
In this chapter the studies leading to the installation of two bent crystals in
the LHC are discussed. An overview on the motivation and main goals of these
studies is given in Section 8.1. The main constraints that were to be taken into
account during the design are illustrated in 8.2. The final layout and the system
configurations are discussed in Section 8.3. Studies leading to the final choices
of longitudinal installation position and crystal parameters are described in
Sections 8.4 and 8.5, respectively. An overview of the hardware installed in the
LHC is shown in Section 8.6. Comparisons of cleaning performance between
the present collimation system and that expected when bent crystals are used
as a primary collimation stage are given in Section 8.7, for nominal LHC
parameters. Predictions on cleaning efficiency of the two systems during first
tests foreseen in 2015, are discussed in Section 8.8. Possible alternative crystal
collimation layouts are reported in Appendix C.
8.1 Motivations and design goals
Various studies have been carried out in the past years on crystal collimation
for the LHC [9, 88]. Experimental results obtained in the SPS [44–47, 86] are
very promising; however they are not considered exhaustive enough to propose
crystal collimation as a baseline for future upgrades of the LHC collimation
system. Before relying on crystal collimation for the LHC, a demonstration
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under LHC conditions (energy, beam parameters, etc.) and a comparison
against present systems is considered mandatory. Tests performed in the SPS
were carried out only in static conditions (coasting beams), whereas known
LHC limitations require an efficient collimation process throughout the whole
operational cycle (injection, ramp, squeeze, collision).
An important part of this thesis work was dedicated to the design of a
prototype crystal collimation system able to address open points for its im-
plementation at the LHC, as an alternative to the present betatron cleaning.
This effort followed the decision to install crystals in the LHC-IR7 during the
LS1, for beam tests of crystal collimation starting in 2015.
The overall goal is to demonstrate that crystal collimation is a reliable
alternative to the present system, which requires in particular:
• A comparison with respect to the performance of the complex collimation
system present in the LHC, throughout the whole operational cycle. This
can be carried out only in the LHC itself, where the main limitation of
the present collimation system is represented by off-momentum losses in
the IR7 Dispersion Suppressor (IR7-DS).
• A demonstration that crystal collimation can improve the cleaning effi-
ciency in the IR7-DS for both proton and lead ion beams.
• A demonstration that a reduced number of secondary collimators (com-
pared to the 11 presently used) can ensure adequate performance of the
system.
• A validation of the energy scaling of coherent processes in bent crystals
at the unexplored LHC energy, and confirmation of how cross-sections
of nuclear point-like interactions in bent crystals evolve at a such high
energy.
• A validation of the full compatibility with specific LHC configurations,
which would involve the estimation of background at the experiments in
the four interaction points; and beam loss in other IRs during injection,
ramp and squeeze.
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8.2 Design constraints
Due to time restrictions during LS1 and limited possibility to change the IR7
layout, a minimal prototype crystal system was deployed by installing only
bent crystals and by relying on existing collimators to intercept the channeled
halo particles. The requirement to minimize the impact on the present IR7
layout, which clearly must be fully operational for standard operations, im-
posed important design constraints from the machine side for the crystals, i.e.
internal/external and top/bottom, longitudinal positions and crystal parame-
ters.
The final layout is based on two crystals installed in the IR7 betatron clean-
ing insertion of beam 1 only, for horizontal and vertical collimation tests, and
is only compatible with low intensity beams. Horizontal and vertical crystals
are placed on the external and top side of the machine, respectively. The
main constraints on the side choices originate from the machine geometry and
an optimized design of the goniometers used to angularly orientate crystals
with respect to the beam envelope. However, the dynamics of particles inter-
cepted by a bent crystal are symmetric on the two sides of each plane, i.e.
internal/external (top/bottom) in the horizontal (vertical) plane. Although,
in principle crystals could be installed on both sides of each plane, the solution
above was adopted to avoid system complexity that is not crucial for first tests.
The main constraints on longitudinal positions come from space availabil-
ity in connection with required optics parameters for optimal crystal collima-
tion. Moreover, slots already equipped with collimator supports for a possible
upgrade of the present system are used. Thus, goniometers used to orientate
crystals with respect to the beam envelope are mounted on standard collimator
supports using the same fast plug-in technology, which ensures fast handling
of the object in the tunnel. In addition, these longitudinal positions ensure
the presence of other infrastructure required, such as control cabling.
Restrictions on available longitudinal positions, in connection with beta-
tron settings of the full collimation chain, have a significant impact on crystal
parameters. The main constraint is that their combination has to ensure:
1. Improved cleaning performance in the IR7-DS compared to the present
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Table 8.1: Installation position and main features of the crystals installed in the
LHC (i.e. bending, length, material and crystal type).
Name s Collimation Bending Length Mat. Bending
[m] plane [µrad] [mm] planes
TCPC.4L7.B1 19919.24 Hor. 50 4 Si 110
TCPC.6L7.B1 19843.82 Ver. 50 4 Si 111
collimation system.
2. Interception of channeled halo particles with present secondary collima-
tors (TCSGs) in the crystal plane, with adequate margins from fixed
magnet aperture.
3. Sufficient offset of the channeled beam at the selected TCSG, compared
to the beam envelope defined by the crystal aperture.
4. Compatibility with crystal collimation tests at all beam energies, from
450 GeV up to 7 TeV.
Moreover, the final decision has to take into account other layout con-
straints, such as the doses to personnel.
Another important constraint is that ideally a system based on bent crys-
tals as a primary collimator requires one single absorber that catches the chan-
neled halo particles. This is not possible for the proposed layouts that use a
TCSG made of 1 m long jaws of CFC (carbon fibre-carbon composite), and
its physics debris will be mainly lost in the IR7-DS. This could mask possible
improvements connected to the reduced inelastic interaction rate at the pri-
mary collimation stage, similar to what is discussed in section 7.4. In order
to improve the cleaning compared to the present system, additional absorbers
must be utilized during the beam tests.
8.3 Final layout and configurations
As introduced in the previous section, crystal parameters, installation position
and betatron settings of the full collimation chain are tightly connected to each
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Table 8.2: Nominal settings at 7 TeV of the LHC collimation chain in the IR7, for
the present system and in the case of crystals.
Coll. Name Orient. Setting [σ] Setting [σ] Setting [σ]
Cry. H plane Cry. V plane Pres. coll.
CRY.H Hor. 6 out out
CRY.V Ver. out 6 out
TCP. H/V/S out out 6
TCSG. Skew out out 7
TCSG.D4L7 Ver. out 7 7
TCSG.B4L7 Hor. 7 out 7
TCSG.A4R7 Skew 7 out 7
TCSG.A4L7 Skew 7 out 7
TCSG.6R7 Hor. 7 out 7
TCLA. H/V 10 10 10
other. For example, the same cleaning efficiency can be achieved with different
bending angles, provided that different betatron settings of the TCSGs are used
to intercept the channeled halo particles. More subtly, rates of single diffractive
events in crystals (the main source of off-momentum losses) are related to the
channeling efficiency, crystal length and beam loss in the IR7-DS.
The values of crystal parameters and installation locations adopted to ful-
fil the major constraints introduced in the previous section are reported in
Table 8.1. Such a deflection in so short a range is equivalent to having a uni-
form dipole field, ideally acting only on a selected portion of the 7 TeV beam
halo, of about 300 T! The only difference between the crystals installed is the
manufacturing technology: strip and quasi-mosaic crystals are placed in the
horizontal and vertical goniometers, respectively. This will allow to test their
influence, mainly on ion beam collimation.
The two crystals and relevant goniometers were installed in April 2014, and
different settings of the full collimation chain were conceived for each plane,
which are discussed in sections 8.3.1 and 8.3.2. Other possible layouts that
were considered are described in Appendix C.
In addition, space reservations for future system upgrades are made, such
as the installation of Cherenkov detectors in the primary LHC vacuum, which
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Figure 8.1: Trajectory (gray line) of the extracted halo particles at 7 TeV (top) and
450 GeV (bottom). The 6 σ beam envelope is shown in red, and the projection in the
plane of interest of the crystal (orange), secondary collimators (blue), and absorbers
(green) are illustrated. Nominal collimator settings are used (Table 8.2). The black
line represents the geometrical machine aperture, symmetric on both sides.
would be useful to characterize the extracted halo. A complete list of inter-
ventions is given in [14].
8.3.1 Vertical Plane
For the vertical case, a TCLA collimator is available at 180 degrees phase
advance from TCSG.D4L7.B1, used as a vertical absorber. Thus, debris from
the secondary collimator is automatically caught by the TCLA.
As shown in Fig. 8.1, these final layout and collimator settings allow to
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Table 8.3: Mean impact parameter (x¯ch) and spot full width (σ
ch
x , σ
ch
y ) on the
TCSG.D4L7.B1, for injection and maximum energy.
Energy x¯ch σ
ch
x σ
ch
y
[GeV] [mm] [mm] [mm]
450 1.8 9.5 1.2
7000 2.6 2.4 0.3
perform tests at any energy with a minimal set of objects in place: one ver-
tical crystal, the vertical TCSG.D4L7.B1 and the five TCLAs. A significant
improvement of cleaning efficiency with respect to the present collimation sys-
tem is expected using only these few collimators, as discussed in section 8.7.
The safety margins with respect to the geometrical machine aperture are en-
sured, and the extracted halo spot is well confined within the TCSG front face,
at any energy.
Using the nominal settings reported in Table 8.2, the mean impact param-
eters of the extracted halo and the transverse spot size at the selected TCSG
are reported in Table 8.3.
8.3.2 Horizontal Plane
In the horizontal plane the situation changes significantly compared to the
vertical one. No optimum TCLA location to catch the debris from horizontal
TCSGs is available. Two configurations are nevertheless possible which achieve
a good cleaning efficiency:
1. One TCSG only: only the horizontal crystal, the last horizontal sec-
ondary collimator TCSG.6R7.B1 and the five TCLAs are used.
2. Four TCSGs: the horizontal crystal, plus the TCSGs B4L7.B1, A4L7.B1,
A4R7.B1 and 6R7.B1, plus the five TCLAs are used.
With configuration 1 only tests at maximum energy are possible, because
the extracted halo would be not intercepted at injection by only this TCSG, as
shown in Fig. 8.2 (bottom). The absorption of the debris from the secondary
179
s [m]19800 19900 20000 20100 20200
x
 [m
m]
-10
0
10
20
30
40
Crystal TCSG TCLA
σ6 
s [m]19800 19900 20000 20100 20200
x
 [m
m]
-10
0
10
20
30
40
Crystal TCSG TCLA
σ6 
Figure 8.2: Trajectory of the extracted halo particles at 7 TeV (top) and 450 GeV
(bottom) using configuration 2. The same notation as in Fig. 8.1, but applied to
the horizontal plane. The dashed gray line represents the maximum kick for which
a minimum safety distance with respect to the magnet aperture is present, before
reaching the TCSG.6R7 using configuration 1.
collimator is ensured by the proximity to TCLAs. This configuration sets a
maximum deflection angle of 65 µrad, as shown in Fig. 8.2 (top), for reasons
discussed in section 8.4 (see also Fig. 8.4).
Closing the horizontal TCSG.B4L7.B1 as in configuration 2, allows inter-
ception of the full spot of the extracted beam halo at any energy, as shown
in Fig. 8.2. However, the two subsequent skew collimators have also to be
used to intercept the debris from the B4L7, which would be otherwise lost
in the IR7-DS leading to a cleaning efficiency worse than that of the present
system. The TCSG.6R7.B1 has to be in place anyway, because it covers the
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Table 8.4: Mean impact parameter (x¯ch) and spot full width (σ
ch
x , σ
ch
y ) for the two
horizontal configurations, for injection and maximum energy.
Energy Conf. x¯ch σ
ch
x σ
ch
y
[GeV] [mm] [mm] [mm]
450 1 - - -
7000 1 11.6 1.6 1.1
450 2 1.8 1.2 6.3
7000 2 2.7 0.3 1.9
same phase space as the TCSG in the LHC-IR6. Thus, its retraction could
cause an overload of absorbed particles in the other collimator.
The mean impact parameters of the extracted halo and the transverse spot
size at the selected TCSG are reported in Table 8.4, for the two configurations.
A significant improvement of cleaning efficiency compared to the present
collimation system is expected using either of the two configurations, as dis-
cussed in section 8.7. The main difference in performance between the two
configurations arises from the angular cut applied by the secondary stage to
particles scattered at the crystal, as clarified in the next section, and absorption
of the debris from the selected TCSG to catch the channeled halo particles.
In conclusion, configuration 1 is optimized to demonstrate the feasibility of
improved cleaning efficiency using only one bent crystal and a minimal set
of standard collimators at maximum energy, while configuration 2 is suited
for tests devoted to demonstration of improved cleaning throughout the whole
operational cycle of the LHC.
8.4 Semi-analytical layout studies
Using particle accelerator physics theory it is easy to demonstrate that, ideally,
the best basic layout consists of a crystal at a location with zero dispersion
and divergence, with an absorber placed at pi/2 phase advance, because:
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• The trajectory of particles in accelerators is described by the equation:
x(s) =
√
β(s)ε cos(µx (s)) +Dx(s)
δp
p
(8.1)
where variables were defined in section 2.2. Thus, if a large negative value
of dispersion is combined with a crystal placed on the external side of the
ring, particles with a value of δp/p within the machine acceptance that
are subject to the multiturn effect can have a reduced impact parameter.
• A value of the Twiss parameter α ∼ 0, i.e. beam envelope parallel to
closed orbit, can allow to move the crystal only linearly during the energy
ramp, in order to maintain the channeling condition during adiabatic
damping of the beam during the energy ramp. If α 6= 0 the angular
orientation of the crystal also has to vary.
• The trajectory of particles deflected by the crystal can be described with
the formula introduced in section 2.2.1:
x(sColl) =
√
β(sColl)
β(sCry)
cos (∆µCry−Coll)x(sCry) (8.2)
+ θ
√
β(sColl)β(sCry) sin (∆µCry−Coll) .
Thus, a phase advance of pi/2 between the crystal and the selected colli-
mator used to intercept the steered halo, ensures the maximum shift of
the kicked particle trajectories at the secondary collimation stage.
To fulfil the three conditions above, dedicated optics for the LHC-IR7 in-
sertion should be produced. However, the overhead for beam tests will become
too large if new optics were to be commissioned. The baseline is therefore to
design optimised layouts for the nominal IR7 optics [89]. As introduced pre-
viously, secondary stage collimators are considered as candidate absorbers for
low intensity studies. The main steps to fulfil the theoretical requirements as
well as possible are:
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Table 8.5: Subset of s-positions for suitable crystal locations, in both collimation
planes.
Coll. Name s Orient. βx βy αx αy Dx Dy
[m] [m] [m] [rad] [rad] [m] [m]
CRY.TCP.H 19795.18 Hor. 134.69 92.43 1.91 -1.27 0.51 -0.24
CRY.TCP.V 19800.78 Ver. 114.35 107.48 1.72 -1.42 0.47 -0.26
CRY.TCSG.H 19919.24 Hor. 341.03 65.36 -2.04 0.85 -0.37 -0.15
CRY.TCSG.V 19843.82 Ver. 30.44 282.14 0.23 -2.63 0.14 -0.40
1. Identification of suitable installation locations based on space and infras-
tructure (control cabling, supports, etc.) availability in the present IR7
layout.
2. A sub-set of possible locations, crystal parameters, and collimator set-
tings chosen based on semi-analytical models.
3. Complete tracking simulations to be carried out to define the final loca-
tions for crystal installation, crystal parameters, and collimator settings.
The first objective can be achieved by examining the technical drawings
of the LHC-IR7 [90]. A preliminary set of installation locations is based on
longitudinal positions along the betatron collimation insertion, where supports
for the phase II collimation upgrade [91] are present. This ensures the presence
of space and infrastructure needed, avoiding major interventions in IR7.
The second item is evaluated by considering the trajectories of particles
that are intercepted by the crystal, using the formalism introduced in section
2.2.1. A dedicated script has been written for this purpose, allowing efficient
comparisons of different layouts and TCSG settings before detailed simula-
tions of loss maps. The main outcome of these studies was the choice of two
suitable installation positions for both horizontal and vertical crystals, and the
identification of suitable ranges of crystal bending.
The four positions are located at the longitudinal s coordinate where either
a TCP or TCSG is present, as reported in Table 8.5 with consistent names.
The main Twiss parameters are also listed.
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Figure 8.3: Semi-analytical studies regarding the crystal location CRY.TCSG.V:
(top) at 7 TeV, (bottom) at 450 GeV. Same notation as in Fig. 8.1, plus dashed gray
lines that show trajectories of particles that acquired a kick at the crystal ranging
from 0 µrad to 100 µrad in steps of 5 µrad (the solid line refers to a 50 µrad kick).
Considerations related to the final layouts introduced in the previous sec-
tion are discussed here, while comparisons and considerations concerning the
other two suitable installation positions are discussed in Appendix C.
The plots on which the studies leading to the final installation and con-
figuration choices were based are shown in Fig. 8.3 and 8.4. They refer to
the trajectories followed by particles channeled and scattered at the crystal for
locations CRY.TCSG.H and CRY.TCSG.V in Table 8.5, at both injection and
maximum energy (i.e. 450 GeV and 7 TeV).
Different observations used in making the final choice of experimental lay-
outs can be made (to be compared with what is reported in Appendix C).
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Figure 8.4: Semi-analytical studies regarding the crystal location CRY.TCSG.H:
(top) at 7 TeV, (bottom) at 450 GeV. Same notation as in Fig. 8.3.
Considerations similar for both horizontal and vertical layouts are:
• A position close to α ∼ 0 is obtained (proximity to a plateau of the β
function).
• At maximum energy the angular cut applied by the selected TCSG is
about 5 µrad (for the horizontal case using configuration 2).
• At injection energy the angular cut applied by the selected TCSG is
about 20 µrad (for the horizontal case using configuration 2).
For the horizontal layout, if configuration 1 is used, the angular cut applied
by the selected TCSG is about 13 µrad at maximum energy and cannot be
used at injection.
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The main difference between horizontal and vertical layouts is in the con-
straints imposed on suitable crystal bending. The maximum bending allowed
corresponds to the maximum kick for which the trajectory of the extracted
halo is never closer than a safe distance from the beam pipe. This distance is
determined by considerations of possible uncertainties. Operational experience
during the LHC Run I indicated that the aperture model used is adequate, the
maximum shift of a closed orbit is below 2 mm, and the beta beating is below
10%. Thus a conservative margin of 5 mm as the minimum distance between
the trajectory of channeled halo particles and the beam pipe is taken. More
detailed studies are needed to better evaluate the uncertainties of each contri-
bution, but are not part of the present studies where a conservative margin is
used.
For the vertical layout, the proximity of the crystal to the vertical TCSG.
D4L7.B1 removes safety constraints on the maximum bending allowed. The
channeled and extracted halo will be intercepted by such a TCSG before reach-
ing unsafe distances from the magnets, at any energy.
A similar situation is obtained in the horizontal plane if configuration 1 is
used. Conversely, if configuration 2 is used, a maximum kick of about 65 µrad
is allowed for the safety reasons explained above.
In conclusion these semi-analytical studies show also that the possible crys-
tal bending matched to the experimental layouts ranges from 20 µrad to 65
µrad. Crystals with the same parameters that differ only in the manufacturing
technology are needed in the two planes. This will allow to compare the clean-
ing performance obtained with strip and quasi-mosaic crystals, in particular
for collimation of lead ion beams.
8.5 Optimisation of crystal parameters
The key parameters of crystals are their length (l) and bending angle (θ).
Many combinations were simulated, with driving considerations based on the
oscillation period between crystalline planes (λ ∼ 250 µm at 7 TeV) and the
critical bending radius (Rc ∼ 16.8 m at 7 TeV). To ensure at least eight
186
Table 8.6: Combinations of crystal length and bending compared, with relevant
bending radius [m]. Only parameters leading to R > 3Rc are considered.
l [mm] ↓, θ [µrad] → 20 40 50 60 80 100
2 100 50 - - - -
3 150 75 60 50 - -
4 200 100 80 66.7 50 -
5 250 125 100 83.3 62.5 50
oscillation periods and a bending radius appropriate for “smooth” particle
steering, a minimum length of 2 mm is considered, with steps of 1 mm (i.e. ∼
4λ) between subsequent lengths investigated. Suitable bending radii R = l/θ,
are given by geometrical constraints. Optimised combinations of l and θ have
to be found as a compromise between opposing requirements:
• Improving single-pass channeling efficiency calls for “long” crystals, i.e.
R > 3Rc for a given θ.
• Minimum probability of inelastic interaction requires “short” crystals.
• Maximisation of impact parameter on the absorber needs “large” θ.
• A safe margin to the IR7 magnet aperture of the extracted halo demands
“small” θ.
Based on these requirements, the combinations considered are reported in
Table 8.6, and simulations to evaluate the single-pass crystal performance were
carried out.
From the semi-analytical studies introduced previously, one can already
exclude a bending of 20 µrad as too small at injection energy, where the spot
of the beam formed by channeled halo particles is not totally confined to the
front face of the TCSG. Bending of 80 and 100 µrad are above safety margins
at maximum energy.
To evaluate the influence of crystal parameters on the system performance
taking into account the multiturn process, the key observables are integrated
losses in the IR7-DS, multiturn channeling efficiency, and the nuclear interac-
tion rate at the crystal.
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Table 8.7: Nominal settings at 7 TeV of the LHC collimation chain outside IR7,
for the present system and in the case of crystals.
Coll. Name IR Orient. Setting [σ] Setting [σ] Setting [σ]
Cry. H plane Cry. V plane Pres. coll.
TCP. 3 H 15 15 15
TCSG. 3 H/V 18 18 18
TCLA. 3 H 20 20 20
TCT. 1/5 H/V 8.3 8.3 8.3
TCT. 2/8 H/V 25 25 25
TCL. 1/5 H 10 10 10
TCSG. 6 H 7.5 7.5 7.5
TCDQ. 6 H 8 8 8
Complete multiturn tracking simulations were performed for the combina-
tions of 3, 4, and 5 mm lengths with 40, 50, and 60 µrad bendings. Nominal
optics at 7 TeV with separation and crossing angles at the IPs is used [89],
with physical emittance of 0.5 nm rad. Nominal settings at 7 TeV are also
used, which are reported in Table 8.2 and 8.7 regarding collimators in the IR7
insertion and elsewhere in the ring, respectively.
Taking as example what is achieved with the final layout for the horizontal
crystal using configuration 1, the integrated losses in the IR7-DS are in the
range of (3.0 ± 0.5) × 10−5, as shown in Fig. 8.5. The nuclear interaction
rate at the crystal is in the range (0.4 ± 0.1)%, as shown in Fig. 8.6. The
multiturn channeling efficiency, shown in Fig. 8.7, is found to be in the range
(96.2± 0.8)%.
Another key feature of multiturn effects is the maximum angular tilt with
respect to the beam envelope for which halo particles are still channeled but
beyond which crystals appear to the beam as a standard amorphous scatterer.
In the LHC with 7 TeV beams this tilt is found to be about 5 µrad, i.e. slightly
more than two critical angles (θc) at such an energy. This is caused by repeated
passages through the crystal, with angles slightly modified each time by the
previous passage.
The crystal tilt with respect to the beam envelope adds an additional de-
flection to the crystal bending given to channeled particles. Even though
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Figure 8.5: Integrated losses in the Beam 1 IR7-DS, normalised to the total number
of particles intercepted by the crystal, for different parameter combinations.
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Figure 8.6: Nuclear interaction rate at the crystal, for different parameter combi-
nations.
any misorientation compared to the optimal channeling orientation must be
avoided at any time for efficient crystal collimation, this additional kick must
be taken into account to ensure machine safety during angular scans that will
be performed during experimental tests. Hence a margin of ∼ 4θc (i.e. ∼ 10
µrad) has to be included in the final choice of requested bending.
In conclusion, given the constraints on allowed bending obtained with semi-
analytical studies, the full confinement of the extracted beam spot on the
selected TCSG at any energy, and the 10 µrad margin to perform safe angular
scans at any energy, a bending of θ = 50 µrad was adopted. The length choice
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Figure 8.7: Multiturn crystal channeling efficiency, for different parameter combi-
nations.
is therefore determined by the need for a large as possible bending radius, in
connection with multiturn performance of the system. Very similar results
for nuclear interaction rates at the crystal and multiturn channeling efficiency
are obtained for θ = 50 µrad and the three different lengths compared, while
about 20% difference is found between losses in the IR7-DS with lengths of 4
and 5 mm. Thus, a crystal length of l = 4 mm is adopted to ensure the best
system performance for a bending radius R > 4Rc at 7 TeV.
8.6 Hardware installed in the LHC
One of the main technological challenges to establish stable crystal channeling
at maximum energy in the LHC is represented by the extreme angular precision
needed in the orientation of crystals with respect to the beam envelope. At 7
TeV the critical channeling angle is about 2.3 µrad, thus goniometer stability
and reproducibility well below this value are needed. Moreover, the same
accuracy has to be met over the full dynamic range, while moving crystals both
linearly and in angle to follow the adiabatic beam damping during the energy
ramp. The goniometer performance required to ensure channeling stability is
reported in Table 8.8. From this table, it is clear how challenging was the
design of a goniometer with such performance operating in one of the most
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Table 8.8: Required goniometer performance to ensure channeling stability
throughout the whole LHC operational cycle.
Total angular range [mrad] 10
Angular resolution [µrad] 0.1
Angular accuracy [µrad] 1
Total linear range [mm] 40
Linear resolution [µm] 5
Figure 8.8: Integration study for the horizontal goniometer in the LHC-IR7 [14]
(left); the vertical goniometer installed in the LHC-IR7 (right).
radioactive locations of the LHC.
A technology that can fulfil these constraints was developed only in recent
years. To overcome problems of angular stability, the possibility to use the
Volume Reflection (VR) process was considered in the past. This is because
the angular acceptance of the process is much larger than for channeling, and
equal to the bending angle of the crystal (as explained in section 3.4). However,
the possibility to build goniometers in which the rotational stage is controlled
by piezo actuators in a closed loop, made it possible to achieve the constraints
in Table 8.8, as shown in [92]. Thus, despite the larger angular acceptance of
the VR process, the channeling regime was preferred because it leads to larger
single-pass deflections and lower nuclear interaction rates (i.e. the losses in the
IR7-DS are minimised compared to the use of any other coherent process in
a bent crystal), while the channeling efficiency is enhanced by the multiturn
process.
A more detailed description of the goniometer and results of characteri-
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Figure 8.9: Front face (left) and side view (right) of the quasi-mosaic crystal
installed in the vertical goniometer in beam 1 of the LHC-IR7.
Figure 8.10: Front face (left) and side view (right) of the strip crystal installed in
the horizontal goniometer in beam 1 of the LHC-IR7.
zation tests in the laboratory can be found in [92, 93]. A picture of the 3D
integration of a goniometer in LHC-IR7 and a photo of the vertical goniome-
ter installed are shown in Fig. 8.8, left and right, respectively. An important
feature of the goniometer is its complete transparency during normal LHC
operations. This is ensured by a movable segment of beam pipe that masks
the crystal and goniometer itself, and will be remotely retracted only during
dedicated beam tests, to allow the crystal insertion. To ensure rapid handling
of the object in the tunnel, the goniometer is mounted on standard collimator
supports using the same fast plug-in technology.
Pictures of the quasi-mosaic and strip crystal installed in the vertical and
horizontal goniometers are shown in Fig. 8.9 and 8.10.
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Figure 8.11: Distribution of impact parameters on the crystal (left); Phase space
intercepted by the horizontal crystal at 7 TeV (right).
8.7 Expected performance for nominal LHC
parameters
The goal of these studies is the evaluation through simulations of losses gener-
ated around the whole LHC ring, for comparisons with the present collimation
system. Particular attention has been paid to losses in the IR7-DS, which is
the limiting location of the whole machine in terms of beam loss.
8.7.1 Simulation setup
Simulations are made with statistics of about 107 protons intercepted by the
collimation system, in order to provide sufficient data to estimate losses of
about 10−6. The results shown here are obtained using a perfect machine with
nominal beam parameters and optics at 7 TeV [89]. Nominal settings for the
collimation chain are also used, reported in Tables 8.2 and 8.7. Horizontal and
vertical crystals 4 mm long with 50 µrad bending and no imperfections are
simulated separately.
Particular attention has been paid to the generation of the tracked halo,
which is an annulus in phase space, and tracking starts from IP1 [94]. The
mean value and width of this annulus determines the impact parameter and the
angular spread of particles during the first passage through the crystal. These
parameters have a direct influence on the single-pass channeling efficiency,
which affects the overall system performance. Impact parameters of the order
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Table 8.9: Summary table of average IR7-DS losses (i.e. cleaning efficiency) at
7 TeV, for the present system (Std.) and crystal collimation (CH, AM, and for both
horizontal configurations defined in section 8.3.2).
Config.Plane IR7-DS Gain w.r.t. Gain w.r.t.
avrerage losses Std coll. crystal in AM
Std. H (1.43± 0.01)× 10−5 1.0 (1) 0.31± 0.03 - (2) 0.24± 0.04
CH (1) H (1.18± 0.02)× 10−6 12.3± 0.2 39.6± 0.7
CH (2) H (1.84± 0.07)× 10−6 7.8± 0.3 32.2± 1.2
AM (1) H (4.67± 0.03)× 10−5 0.31± 0.03 1.0
AM (2) H (5.93± 0.09)× 10−5 0.24± 0.04 1.0
Std. V (1.36± 0.01)× 10−5 1.0 0.28± 0.02
CH V (1.32± 0.02)× 10−6 10.3± 0.2 36.4± 0.6
AM V (4.80± 0.02)× 10−5 0.28± 0.02 1.0
of tenths of a µm are expected in the real machine [56]. However, simulations
with such a low average impact parameter would take too long because of how
the tracked halo is generated.
Parametric studies have been performed to find the best compromise be-
tween the most realistic impact parameters and computing time needed, chang-
ing the amplitude and spread of the simulated halo. The halo generation cho-
sen is one that leads to reasonable computing time (i.e. larger average impact
parameter) and at the same time gives a single-pass channeling efficiency com-
patible with the experimental data provided by beam tests performed on the
SPS extraction line (i.e. still below the critical channeling angle). As exam-
ple, the distribution of impact parameters and phase space intercepted by the
horizontal crystal at 7 TeV are shown in Fig. 8.11. The RMS of the simulated
halo incident on the crystal is about 3 µm, with a maximum divergence of
about 1.4 µrad .
8.7.2 Simulation results at 7 TeV
An example of a loss map for the full LHC ring, simulated for the horizontal
plane at 7 TeV with the present collimation system, is shown in Fig. 8.12. The
performance of crystal collimation in configuration 1 is shown in Fig. 8.13 and
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Figure 8.12: Simulated beam loss pattern with the present collimation system and
7 TeV beams. The whole LHC (top), zoom of the IR7 insertion (bottom).
8.14, for a crystal in channeling and amorphous orientantion, respectively. The
case of amorphous orientation is simulated to predict the gain factors during
angular scans but also to illustrate the expected performance if the channeling
were to be lost in a crystal collimation system.
With IR7-DS as the limiting location of the whole ring in terms of cleaning
efficiency, the average level of expected losses per metre in the two clusters at
this location (Q8-9 and Q10-11, respectively) defines the collimation perfor-
mance of the system under study.
At 7 TeV simulations predict an improvement by about a factor 10 com-
pared to the present collimation system when crystals are in channeling ori-
entation. Conversely, a factor about 3-4 worse performance is expected when
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Figure 8.13: Simulated beam loss pattern in the case of a horizontal crystal (config.
1) in channeling orientation and 7 TeV beams. The whole LHC (top); zoom of the
IR7 insertion (bottom).
crystals are in amorphous orientation (even though many fewer TCSGs are
used compared to standard collimation). The difference between configura-
tions 1 and 2 for the horizontal plane is given by the cut in angle applied by
the selected TCSGs on particles scattered and not channeled by the crystal,
and by the absorption efficiency of what emerges from those TCSGs. Configu-
ration 1 is about 50% better than 2 because debris from the only TCSG used
is absorbed immediately by the TCLAs just after it. A summary of simulated
cleaning efficiencies with the different systems and configurations is reported
in Table 8.9. The energy spectrum of off-momentum losses occurring in the
IR7-DS in case of horizontal standard collimation and configuration 1 with
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Figure 8.14: Simulated beam loss pattern in the case of a horizontal crystal (config.
1) in amorphous orientation and 7 TeV beams. The whole LHC (top); zoom of the
IR7 insertion (bottom).
crystal in channeling, is shown in Fig. 8.15.
Global suppression of losses generated around the whole ring is also pre-
dicted, as is clearly visible by comparing Fig. 8.12 (top) with Fig. 8.13 (top).
Moreover, losses on the TCP in IR3 are also significantly reduced, indicating
reduced leakage of off-momentum particles from the IR7 insertion. Loads on
the TCTs at IP1 and IP5 are slightly reduced, which also implies a slightly
lower background in the experiments from collimation losses (which is how-
ever not the dominant contribution for the LHC [62]). For configuration 1,
the load on the TCSG in IR6 is slightly increased because now that portion
of intercepted phase-space is also covered only by the TCSG.6R7. However
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Figure 8.15: Spectrum of energy offsets of particles lost in IR7-DS for standard
horizontal ollimation (blue) and configuration 1 with crystal in channeling (red)
this is not an issue and the TCSG in IR6 can withstand the expected load
without problems. A potential issue for tests of this configuration is the load
on the first horizontal TCLA in IR7, which receives most of the debris from
the TCSG.6R7. The protons absorbed by this TCLA are about a factor 103
more than for the present collimation system. This is not seen as an issue for
low intensity feasibility studies, but clearly needs to be addressed in case of
beam tests with higher intensity
In simulations with a crystal in an amorphous orientation, the density of
protons lost in the crystal volume is significantly increased. This is a feature of
the normalisation to [m−1], which leads also to the same height for a standard
TCP and crystal in channeling. In particular when the crystal is misoriented
with respect to the beam envelope, particles will pass through it many times
before accumulating sufficient deflection to reach the TCSG apertures. Since
TCPs are made of carbon and crystals of silicon, they have similar radiation
and interaction lengths. Thus, while accumulating the radiation length needed
in a series of passages through the crystal to then impact on TCSGs, a similar
interaction length seen in a single passage through a standard TCP is also
accumulated. This leads to about the same number of particles experiencing
deep inelastic interactions in the two objects (normalised to the total number
of protons intercepted by the system), and applying the normalisation to 1 m
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Figure 8.16: Integrated losses in the IR7-DS normalised to the total number of
intercepted protons (red), for a horizontal crystal (config. 1) with 50 µrad bending
and different lengths. Contributions from interactions only with the crystal (green);
contributions to losses generated after interacting also with TCSGs and/or TCLAs
(blue).
the factor 200 in lengths (60 cm of CFC for the TPCs, and 4 mm of silicon for
crystals) is automatically translated to the height of the bar in the simulated
loss maps. In conclusion losses in the plot are not representative of deposited
energy in crystals, as the largest fraction of energy released will go in shower
development outside the 4 mm long silicon crystal. As explained in section
4.3.2 the deposited energy that could damage the crystalline structure arises
from ionisation energy loss.
8.7.3 Absorption of channeled halo particles
One of the main issues related to this innovative technique for beam collima-
tion is the large number of particles incident on a very small surface of the
front face of the absorber used to intercept the channeled halo particles. The
distribution of impacts on the secondary absorber was given as input to energy
deposition studies, needed to understand if absorption of the channeled halo
could cause permanent damage. Simulation results exclude this scenario for
both horizontal and vertical configurations if low intensity beams are used [95].
However, the need to develop a dedicated absorber for tests at higher inten-
sity is clear and first conceptual design has begun, but is not part of studies
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Figure 8.17: Spectrum of energy offsets of particles lost in IR7-DS for horizontal
configuration 1 with a crystal in channeling orientation.
reported here.
Another inconvenience connected to the constraint of using the present
TCSGs as a secondary collimation stage with crystals is their reduced stopping
power. Studies to understand the source of losses in the IR7-DS using the
horizontal configuration 1 and different crystal lengths for a fixed bending of
50 µrad were performed. Results are shown in Fig. 8.16. In addition, the
energy spectrum of particles lost in IR7-DS and its origin are shown in Fig.
8.17. As for the experimental results in the SPS, significant contamination
due to losses generated from interactions in the TCSGs and TCLAs is present.
Thus, the development of a dedicated massive absorber could lead also to even
better cleaning performance of the system.
8.7.4 Simulation results at 450 GeV
Even if the present system is fully adequate for the LHC at injection energy,
it is important to simulate cleaning performance with crystals in view of the
first beam tests at less than maximum energy.
As can be clearly seen from Fig. 8.3 and 8.4 (bottom) the effectiveness of
kicks given by the crystals is significantly reduced compared to 7 TeV (Fig. 8.3
and 8.4 , top). Thus, the effect of losses generated by debris from TCSGs and
TCLAs is more prominent at injection energy, because most of the intercepted
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Table 8.10: Dedicated settings of the LHC collimation chain for comparative tests
of different collimation systems at 450 GeV. For crystal collimation the IR7-TCSGs
in place are all those downstream of D4L7.B1 and B4L7.B1 for vertical and hori-
zontal configurations, respectively.
Coll. Name IR Orient. Setting [σ] Setting [σ] Setting [σ]
Cry. H plane Cry. V plane Pres. coll.
CRY.H 7 Hor. 5.7 out out
CRY.V 7 Ver. out 5.7 out
TCP. 7 H/V/S out out 5.7
TCSG. 7 H/V/S 6.7 6.7 6.7
TCLA. 7 H/V 10 10 10
TCP. 3 H 10 10 10
TCSG. 3 H/V 11.3 11.3 11.3
TCLA. 3 H 12 12 12
TCT. 1/2/5/8 H/V 13 13 13
TCL. 1/5 H out out out
TCSG. 6 H 7 7 7
TCDQ. 6 H 8 8 8
particles are incident on their edges with a very small impact parameter. This
implies that the complete chain of TCSGs downstream of the crystals must be
used at this energy to ensure better phase space coverage, in order to improve
the cleaning efficiency compared to the present system.
Dedicated settings of the complete collimation chain must be used, and are
reported in Table 8.10.
Examples of beam loss patterns simulated at injection energy for the hori-
zontal case are shown in Fig. 8.18 and 8.19 for the present collimation system
and a crystal in channeling orientation, respectively.
As can be clearly seen from these figures, losses occurring on superconduct-
ing magnets are present in more locations of the ring with crystal collimation
than with the present system. However, most of them are due to debris from
standard collimators and not to interactions with the crystal. Another dif-
ference, with respect to performance at 7 TeV, is that the IR7-DS is not the
limiting location for performance in the whole ring. Many other peaks are
present between IR7 and IR8 that are more populated than IR7-DS. These
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Figure 8.18: Simulated beam loss pattern with the present collimation system and
450 GeV beams.
s [m]0 5000 10000 15000 20000 25000
) [
1/m
]
 le
ng
th
Tn
n
los
ses
 (
-610
-510
-410
-310
-210
-110
1
Collimator
Warm
Cold
IR1	

IR2	

IR3	

IR4	

IR5	

IR6	

IR7	

IR8	

IR1	

Figure 8.19: Simulated beam loss pattern in the case of a horizontal crystal (full
chain of downstream TCSGs closed) in channeling orientation and 450 GeV beams.
losses are located on dispersive peaks higher than what is present in the DS
at this energy. Cleaning about 20% worse is expected in IR7-DS with crystals
in channeling compared to the present system. Conversely, improved perfor-
mance is observed in the highest peaks of losses between IR7 and IR8, in a
range between 60% and 80% depending on the peak. A significant increase
of losses just after the TCT collimator in IR8 is expected when crystals in
channeling are used. These losses are completely due to debris from standard
collimators, and are not an issue because they are still well below the quench
limit at this energy (estimated to be above 10−3[m−1]). In conclusion, tests
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Table 8.11: Settings of the LHC collimation chain at the LHC restart in 2015 [2],
for the present system and in the case of crystals.
Coll. Name IR Orient. Setting [σ] Setting [σ] Setting [σ]
Cry. H plane Cry. V plane Pres. coll.
CRY.H 7 Hor. 5.5 out out
CRY.V 7 Ver. out 5.5 out
TCP. 7 H/V/S out out 5.5
TCSG. 7 H/S out out 8
TCSG.D4L7 7 Ver. out 8 8
TCSG.6R7 7 Hor. 8 out 8
TCLA. 7 H/V 11.5 11.5 11.5
TCP. 3 H 15 15 15
TCSG. 3 H/V 18 18 18
TCLA. 3 H 20 20 20
TCT. 1/5 H/V 11.5 11.5 11.5
TCT. 2/8 H/V 25 25 25
TCL. 1/5 H 30 30 30
TCSG. 6 H 9.1 9.1 9.1
TCDQ. 6 H 9.6 9.6 9.6
at 450 GeV will be significant to establish stable channeling in the LHC at
this energy, while evaluation of improved cleaning efficiency with respect to
the present system will be more meaningful at maximum energy.
8.8 Expected performance during first tests at
6.5 TeV
It is planned that the LHC Run II will start in 2015 at a collision energy of
6.5 TeV [2]. The details of startup configurations for optics and collimation
are given in [2, 96]. No major changes are expected in the collimation layout
except that different collimator settings will be deployed, and are reported in
Table 8.11.
An example of cleaning obtained with the present collimation system is
shown in Fig. 8.20. The predicted performance for configuration 1 of a hori-
zontal crystal is shown in Fig. 8.21 and 8.22, for a crystal in channeling and
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Figure 8.20: Simulated beam loss pattern with the present collimation system and
6.5 TeV beams. The whole LHC (top); zoom of the IR7 insertion (bottom).
amorphous orientations, respectively.
The change in energy does not entail significant qualitative changes com-
pared to the nominal case discussed in section 8.7.2. On the other hand, the
2015 startup settings are more relaxed than the nominal: 2.5 σ retraction is
present between the primary and secondary stage in the IR7, instead of 1 σ
(see Table 8.11 and 8.2) . The influence of this difference on relative per-
formance between different systems can be better evaluated in configurations
where the contamination of losses due to debris from standard collimators
is less prominent, i.e. vertical and configuration 1 horizontal. Quantitative
studies of predicted cleaning performance are given in Table 8.12.
Using the vertical case as an example it can be seen that:
204
s [m]0 5000 10000 15000 20000 25000
) [
1/m
]
 le
ng
th
Tn
n
los
ses
 (
-710
-610
-510
-410
-310
-210
-110
1
Collimator
Warm
Cold
IR1	

IR2	

IR3	

IR4	

IR5	

IR6	

IR7	

IR8	

IR1	

s [m]19800 19900 20000 20100 20200 20300 20400 20500
) [
1/m
]
 le
ng
th
Tn
n
los
ses
 (
-710
-610
-510
-410
-310
-210
-110
1
Collimator
Warm
Cold
(1.46 ± 0.02) × 10-6	

CRY.H	
 TCSG.6R7	

TCLAs	

Figure 8.21: Simulated beam loss pattern in the case of a horizontal crystal (config.
1) in channeling orientation and 6.5 TeV beams. The whole LHC (top); zoom of
the IR7 insertion (bottom).
• The ratio between cleaning efficiency (i.e. average losses on cold elements
in the IR7-DS, limiting location of cleaning performance in the whole
ring) of the present system and crystal collimation with a crystal in
amorphous orientation, is about the same as obtained with nominal 7
TeV settings (Table 8.9).
• The ratio between the cleaning efficiency obtained with a crystal in chan-
neling orientation compared to both the present collimation and with a
crystal in amorphous orientation, is slightly increased.
This means that the 2.5 σ retraction between the primary and secondary
collimation stages worsens the performance of systems based on amorphous
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Figure 8.22: Simulated beam loss pattern in the case of a horizontal crystal (config.
1) in amorphous orientation and 6.5 TeV beams. The whole LHC (top); zoom of
the IR7 insertion (bottom).
primary collimators, more than if crystals in channeling are used. Similar con-
siderations apply to configuration 1 horizontal. Thus, improvements due to
coherent steering of primary halo particles should be easier to observe with
these settings. This is not valid for configuration 2 horizontal, where contam-
ination of losses due to debris from standard collimators is more accentuated.
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Table 8.12: Summary table of average IR7-DS losses (i.e. cleaning efficiency) ex-
pected during first experimental tests in the LHC at 6.5 TeV, for the present system
(Std.) and crystal collimation (CH, AM, and for both horizontal configurations
defined in section 8.3.2).
Config.Plane IR7-DS Gain w.r.t. Gain w.r.t.
avr. losses Std coll. crystal in AM
Std. H (1.97± 0.01)× 10−5 1.0 (1) 0.34± 0.02 - (2) 0.30± 0.03
CH (1) H (1.46± 0.02)× 10−6 13.5± 0.2 39.6± 0.6
CH (2) H (2.53± 0.09)× 10−6 7.8± 0.3 26.2± 1.0
AM (1) H (5.78± 0.02)× 10−5 0.34± 0.02 1.0
AM (2) H (6.62± 0.07)× 10−5 0.30± 0.03 1.0
Std. V (1.89± 0.01)× 10−5 1.0 0.30± 0.02
CH V (1.56± 0.03)× 10−6 12.1± 0.2 40.8± 0.8
AM V (6.36± 0.03)× 10−5 0.30± 0.02 1.0
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Chapter 9
Conclusions
Future upgrades of the CERN Large Hadron Collider (LHC) call for an im-
proved collimation system. The High Luminosity era (HL-LHC) aims at dou-
bling the design stored energy, posing obvious challenges for the beam halo
cleaning in the LHC superconducting environment. Different approaches are
under study to overcome limitations of the present collimation system. The
crystal collimation concept is a possible option to improve cleaning perfor-
mance for both proton and ion beams, while reducing the contribution of the
system to the overall impedance of the machine.
Promising results with bent crystals were obtained in various beam tests
worldwide. In particular, crystal collimation tests carried out in the CERN
Super Proton Synchrotron (SPS), have shown encouraging outcomes on colli-
mation of both proton and ion beams. On the other hand, specific challenges
for the LHC must be addressed before relying on this technology as a baseline
for future upgrades. Thus, experimental tests in the LHC itself are considered
mandatory. These beam tests are foreseen in 2015, and two crystals have been
installed in the betatron collimation insertion of the LHC Beam 1 (horizontal
and vertical planes).
The main goal of this work was the design of a prototype crystal collima-
tion system that could allow a conclusive statement about the feasibility of
crystal collimation at the LHC. This goal was achieved to the extent that an
installation was carried out in 2014, following the layout defined in this work.
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Beam tests at the LHC are outside the scope of this work, as operations will
resume in 2015.
This layout is conceived for low intensity tests only and is compatible with
all operational phases of the LHC, crucial to demonstrate the feasibility of
this collimation concept in such a complex machine. This prototype system
is designed to achieve about a factor 10 better cleaning performance at maxi-
mum energy, using crystals in optimal channeling orientation and a minimum
number of absorbers, compared to that achieved with the present collimation
system.
Extensive simulation studies were carried out for the design of this proto-
type system, which were performed with standard tools for collimation per-
formance studies at the LHC, featuring also a crystal simulation routine de-
veloped in previous Ph.D. work. Several improvements to the crystal routine
were implemented following in-depth study of crystal phenomena and iterative
benchmarking work against beam measurements and other simulation tools.
In particular, a new scattering routine based on the standard routine used
in SixTrack was implemented, so that particles trapped between crystalline
planes now have the possibility to experience nuclear interactions according
to the average nuclear density seen; scaling with energy of key coherent pro-
cesses in bent crystals and of ionisation energy loss were also improved. All
the physics implemented was reviewed and accurately documented.
The benchmarking of the crystal routine itself with respect to experimental
data taken on an extraction line from the SPS shows agreement within 5%
compared to the measured channeling efficiency, and a dechanneling length
reproducing the measured one at the level of 90%. The mean deflection and
angular spread of particles undergoing volume reflection, channeling and in the
transition region from full AM to full VR is also reproduced with a high level of
accuracy; the nuclear interaction rate in optimal channeling orientation agrees
with data in the literature. Scaling of coherent processes in bent crystals at
the LHC energy were also probed by comparisons with tools based on different
simulation approaches. Investigations of limitations to the models used were
carried out, in order to avoid working points where they are not fully adequate.
In addition to the the benchmarking of the crystal routine with single-pass
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experiments, multi-pass experiments were used to benchmark the insertion of
this routine in standard tools for collimation performance studies at the LHC.
Experimental data obtained in the SPS were reproduced through simulation,
with the main focus on reduction of off-momentum losses (the main limitation
in the LHC) when crystals in optimal channeling orientation are used, com-
pared to that in amorphous. These studies led also to a new interpretation of
experimental data and predictions for the SPS, which were confirmed during
the latest beam tests. Thus, good confidence in predictions for the LHC was
achieved, which involves not only the crystal routine itself but also its connec-
tion with the tracking through the magnetic lattice of the machine, taking into
account a full collimation layout and the aperture model of the accelerator.
This work represents a starting point for future investigations of crystal
collimation for the LHC, where predictions will be compared with experimental
data obtained in beam tests at the LHC during Run II.
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Appendix A
General solution of the equation
of motion
This appendix is devoted to the general solution of equation (2.2), which de-
scribes the trajectory of a particle in the magnetic lattice of a particle acceler-
ator. Let us first define our reference system as in Fig. 2.1. Thus, the vector
pointing to the particle can be written as:
~r = rˆ + xxˆ+ yyˆ , (A.1)
where xˆ and yˆ are the unitary vectors associated with the particle along its
trajectory. For a small rotation (dΘ) in the horizontal plane, it is possible to
write:
dxˆ = dΘsˆ , dsˆ = −dΘxˆ , dyˆ = 0 , (A.2)
and the path length is given by ds = RdΘ, where R is the local bending radius
of the orbit. Hence, the variation of the unit vectors can be written as:
˙ˆx =
dxˆ
dΘ
dΘ
dt
= sˆ
1
R
s˙ (A.3)
˙ˆs =
dsˆ
dΘ
dΘ
dt
= −xˆ 1
R
s˙
˙ˆy = 0
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where the origin of the system associated with the particle moved by drˆ = sˆds,
that implies ˙ˆr = sˆs˙. It is now possible to calculate the first and second
derivatives of the vector pointing to the particle, as:
r˙ = ˙ˆr + x˙xˆ+ x ˙ˆx+ y˙yˆ + y ˙ˆy (A.4)
= sˆs˙+ x˙xˆ+
1
R
s˙sˆ+ y˙yˆ
= x˙xˆ+ y˙yˆ +
(
1 +
x
R
)
s˙sˆ
In the same way it is possible to derive:
r¨ =
[
x¨−
(
1 +
x
R
) s˙2
R
]
xˆ+ y¨yˆ +
[
2
R
x˙s˙+
(
1 +
x
R
)
s¨
]
sˆ . (A.5)
The particle position along the orbit s is unique at any t. It is therefore possible
to replace the time derivative in the orthogonal plane as:
x˙ =
dx
ds
ds
dt
= x′s˙ (A.6)
x¨ = x′′s˙2 + x′s¨
Thus, equation (A.4) and (A.5) become:
r˙ = x′s˙xˆ+y′s˙yˆ +
(
1 +
x
R
)
s˙sˆ (A.7)
r¨ =
[
x′′s˙2 + x′s¨−
(
1 +
x
R
) s˙2
R
]
xˆ+
(
y′′s˙2 + y′s¨
)
yˆ +
[
2
R
x′s˙2 +
(
1 +
x
R
)
s¨
]
sˆ
Hence it is possible to write equation (2.2) as:
r¨ =
e
m
 −
(
1 + x
R
)
s˙By(
1 + x
R
)
s˙Bx
x′s˙By + y′s˙Bx
 . (A.8)
Because of the ultra-relativistic regime of the particles, the effect of the mag-
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netic field on their longitudinal velocity can be neglected. Thus, combining
equation (A.8) and (A.7), one gets:
x′′s˙2 + x′s¨−
(
1 +
x
R
) s˙2
R
= − e
m
(
1 +
x
R
)
s˙By (A.9)
y′′s˙2 + y′s¨ =
e
m
(
1 +
x
R
)
s˙Bx
Using the assumption of slow variation of the longitudinal velocity (s¨ ≈ 0),
and the relation p = mv, equation (A.9) becomes:
x′′ −
(
1 +
x
R
) 1
R
= −e
p
v
s˙
(
1 +
x
R
)
By (A.10)
y′′ =
e
p
v
s˙
(
1 +
x
R
)
Bx
By geometrical construction:
v =
(
1 +
x
R
)
s˙ . (A.11)
Considering a particle with a small deviation from the nominal momentum
p = p0 + ∆p, it is possible to write in first approximation:
1
p
=
1
p0
(
1 +
∆p
p0
)
. (A.12)
Expanding the magnetic field in series, and using only the linear terms, it is
possible to write in first approximation:
e
p0
By =
1
R
− kx , (A.13)
e
p0
Bx = −ky ,
where the dipole fields are assumed to be acting in the horizontal plane, and
1/R and k are the energy invariant dipole and quadrupole strengths, respec-
tively [17]. Thus, using the relations in equation (A.11), (A.12) and (A.13) in
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the equation (A.10), it becomes:
x′′ −
(
1 +
x
R
) 1
R
= −
(
1
R
− kx
)(
1 +
x
R
)2(
1 +
∆p
p0
)
(A.14)
y′′ = −ky
(
1 +
x
R
)2(
1 +
∆p
p0
)
Since x R, y  R, and ∆p/p 1, it is possible to take only the their linear
terms in first approximation, leading to:
x′′(s) +
(
1
R2(s)
− k(s)
)
x(s) =
1
R(s)
∆p
p0
(A.15)
y′′(s) + k(s)y(s) = 0
These are the general solutions of the equation of motion of a particle in
a circular machine and, for particles with the nominal momentum, becomes
equation (2.4).
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Appendix B
Ionisation energy loss
As explained in chapter 3, one of the key features of bounded motion between
crystalline planes is the reduced energy loss by ionisation, compared to the
case of interaction with amorphous materials. However, the energy loss in few
mm of misoriented silicon crystals by protons at the TeV energy scale is of the
order of a few MeV, i.e. ∆p/p ∼ 10−6 in the LHC. As clarified in the section
4.2.2, this amount of energy loss does not drastically change the dynamics of
such particles in high energy storage rings like the LHC. Nevertheless, the most
realistic possible treatment of this process is crucial for accurate modelling of
the interaction of protons with a crystalline structure.
Initially, one expects to compute the energy loss in a passage through a
crystal using the Bethe-Bloch formula [15], that describes the mean energy loss
of incident particles in the range 0.1 < βγ < 1000 with an accuracy of a few %
when the density correction term [97] is taken into account. The Bethe-Bloch
formula can be derived using the theoretical approach of what are called distant
collisions [98]. However, at the LHC energy scale the contribution of what are
called close collisions can become not negligible (particularly for objects with
thickness ∼ mm) [98]. The main difference between these two processes is
that distant collisions describe the interaction of protons that are not able to
resolve the nuclear structure of crystal components, while close collisions take
into account hard scattering of protons able to resolve it. The contribution of
these two interactions is simultaneously described by the Landau distribution
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Thus the Landau-Vavilov most probable energy loss, like the restricted energy loss,
reaches a Fermi plateau. The Bethe dE/dx and Landau-Vavilov-Bichsel ∆p/x in
silicon are shown as a function of muon energy in Fig. 27.6. The energy deposit in
the 1600 µm case is roughly the same as in a 3 mm thick plastic scintillator.
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Figure 27.7: Electronic energy deposit distribution for a 10 GeV muon
traversing 1.7 mm of silicon, the stopping power equivalent of about 0.3 cm of
PVC scintillator [1,13,29]. The Landau-Vavilov function (dot-dashed) uses
a Rutherford cross section without atomic binding corrections but with a
kinetic energy transfer limit of Tmax. The solid curve was calculated using
Bethe-Fano theory. M0(∆) andM1(∆) are the cumulative 0th moment (mean
number of collisions) and 1st moment (mean energy loss) in crossing the
silicon. (See Sec. 27.2.1. The fwhm of the Landau-Vavilov function is about
4ξ for detectors of moderate thickness. ∆p is the most probable energy loss,
and ⟨∆⟩ divided by the thickness is the Bethe ⟨dE/dx⟩.
The distribution function for the energy deposit by a 10 GeV muon going
through a detector of about this thickness is shown in Fig. 27.7. In this case
the most probable energy loss is 62% of the mean (M1(⟨∆⟩)/M1(∞)). Folding in
experimental resolution displaces the peak of the distribution, usually toward a
higher value. 90% of the collisions (M1(⟨∆⟩)/M1(∞)) contribute to energy deposits
below the mean. It is the very rare high-energy-transfer collisions, extending to
Tmax at several GeV, that drives the mean into the tail of the distribution. The
mean of the energy loss given by the Bethe equation, Eq. (27.4), is thus ill-defined
experimentally and is not useful for describing energy loss by single particles.* It
* It does find application in dosimetry, where only bulk deposit is relevant.
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Figure B.1: Ionisation energy loss distribution for a 10 GeV muon traversing 1.7
mm of Silicon [15]. Dot-dashed line represents the Landau-Vavilov function, solid
curve was calculated using Bet e-Fano theory. ∆p is the most probable energy loss,
and 〈∆〉 ivided by the thickness is the Bethe-Bloch dE/dx.
of ionisation energy loss [15], while the Bethe-Bloch formula gives the mean
energy loss. Thus, modelling of ionisation energy loss at the TeV energy scale
should take into account the probability of an interaction leading to losses in
the tail of the Landau distribution, which can be made as follows.
The computation of the energy loss distribution in silicon and its com-
parison with experimental data has been extensively studied and reviewed by
Bichsel [97]. He concludes that t e theory agrees ell with experimental data
over a very large range of particle energies (0.3 ≤ βγ ≤ 105) and detector
thicknesses (32 − 3000µm) for a variety of particles (electrons, pions, kaons,
protons, and α particles). For very thin layers, of a few tens of µm or less,
the detail of the atomic shell structure is an important consideration, which
results in broadening of the Landau spectrum but the effect is not a significant
one for thicknesses in the mm range (e.g. see Fig. 15 [97]). For completeness
a simplified discussion is included below.
Let us start with distant collisions, with the (accurate) assumption that the
velocity of the incident proton is much higher than those of atomic electrons,
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and using the Born approximation. It is possible to define a threshold in energy
transferred to the atomic structure as η, where:
• ~c/η > Ratom, which means that the projectile is not able to resolve the
atomic structure,
• η > I, where I is the ionisation potential introduced before; hence η is
higher than any atomic energy level.
Thus, for energy transferred to atomic electrons equal to Te < η, the mean
energy loss by ionisation can be written as [98]:(
dE
dx
)
Te<η
=
2piZ2i r
2
e
β2
mec
2ne
[
ln
(
2meβ
2c2η
(1− β2) I2
)
− β2
]
, (B.1)
where ne =
ZρNA
A
is the electron density of the target, and other symbols intro-
duced previously. Except for the omitted density correction term [15] what is
written is the standard Bethe-Bloch formula where a linear dependence on the
average electron density seen during the passage through matter is present.
It is clear that this energy loss behaviour could be significantly modified by
the regime in which a proton traverses a crystalline structure. Following Lind-
hard [28], let us define the stopping power µ as:
µ(x) = µa
[
(1− α) + αne(x)
nAMe
]
, (B.2)
where µa is the stopping power when the crystal is considered as an amorphous
material with electronic density nAMe , and α ' 0.5 is called the separation
constant. The electronic density seen by well channeled particles in the middle
of crystalline planes (ne(0) ∼ 0) can be derived from the second derivative of
the interplanar Molie`re potential [12]. Thus, for such particles the stopping
power can be approximated as:
µ(0) ' 0.5µa , (B.3)
which means that the ionisation energy loss by channeled particles due to
distant collisions is about half of the energy that would be lost in the passage
through a misoriented crystal.
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Let us move now to the contributions from close collisions. The differential
cross-section with respect to the energy released in the interaction (Te), can
be written as [98]:
dσ
dTe
=
2piZ2i r
2
emec
2
β2T 2e
[
1− β2 Te
TMAX
+
1
2
(
Te
γMic2
)2]
, (B.4)
where Mi is the projectile rest mass, and TMAX the maximum transferable
energy defined as [15]:
TMAX =
2mec
2β2γ2
1 + 2γme
M
+
(
me
M
)2 . (B.5)
The energy loss given by this term, where now the projectile is able to resolve
the atomic structure, can be derived as:
(
dE
dx
)
η<Te<Tδ =
∫ Tδ
η
dσ
dTe
neTedTe = (B.6)
=
2piZ2i r
2
emec
2ne
β2
[
ln
Tδ
η
− β2Tδ − η
TMAX
+
1
4
T 2δ − η2
γ2M2i c
4
]
.
Defining the constant in front of the square brackets as A, the energy loss given
by close and distant collisions can be written as:
(
dE
dx
)
Te<η
+
(
dE
dx
)
η<Te<Tδ
= A
[
ln
2meβ
2c2Tδ
(1− β2) I2 − β
2
(
1 +
Tδ − η
TMAX
)
+
1
4
T 2δ − η2
γ2M2i c
4
]
(B.7)
Since η  TMAX , the equation above can be simplified to:
(
dE
dx
)
Te<η
+
(
dE
dx
)
η<Te<Tδ
= A
[
ln
2meβ
2c2Tδ
(1− β2) I2 − β
2
(
1 +
Tδ
TMAX
)
+
1
4
T 2δ
γ2M2i c
4
]
(B.8)
Thus, having Tδ = TMAX , the total energy loss by ionisation taking into ac-
count close collisions in addition, is:
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dE
dx
=
4piZ2i r
2
emec
2ne
β2
[
1
2
ln
2meβ
2γ2c2TMAX
I2
− β2 + 1
8
T 2MAX
γ2M2i c
4
]
. (B.9)
It is now crucial to define the probability with which close collisions take place:
Pclose = σ ρ l , (B.10)
where σ is the total cross-section of close collisions, ρ the material density and
l the path in it. The total cross-section of close collisions is given by:
σ |TMAXTt =
∫ TMAX
Tt
ne
dσ
dTe
dTe = (B.11)
=
4piZ2i r
2
emec
2ne
β2
[
1
2
(
1
Tt
− 1
TMAX
)
− β
2
2TMAX
ln
TMAX
Tt
+
TMAX − Tt
4γ2M2i c
4
]
,
where Tt is an energy threshold defined by the mean energy loss given by the
Bethe-Bloch formula (〈∆〉 in Fig. B.1) plus the full width at half maximum of
the Landau distribution [97]. Thus:
Tt = 〈∆〉+ 2KZ
A
x
β2
[Mev] , (B.12)
where K = 4piNAr
2
emec
2 = 0.307075 MeV mol−1 cm2 [15], and x is the path
in the material. This value of Tt is chosen because equals the 10% of the
most probable Landau value. Thus, the equation B.11 gives the cross-section
of energy loss in the Landau tail, from the 10% of its most probable value
to TMAX . Therefore, in the crystal routine, for each impinging proton the
probability (Pclose) in equation (B.10) is calculated using the equation (B.11),
and a uniform random number (R) between 0 and 1 is extracted. If R < Pclose,
an energy loss in the Landau tail is experienced and the equation (B.9) is used.
Otherwise the equation (B.1) can be used. The additional term of density effect
(δ(βγ/2) [15]), neglected in the equations above, is always taken into account
in the calculation of dE/dx for each incident proton, adding it in the square
brakets of both the equations (B.1) and (B.9).
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Appendix C
Alternative locations for
crystals installation
In this appendix considerations regarding alternative locations for the instal-
lation of horizontal and vertical crystals are reported. They refer to the can-
didate positions CRY.TCP.V and CRY.TCP.H in Table 8.5, derived from ex-
amination of space and infrastructure availability in the present IR7 layout.
Semi-analytical studies were performed at injection and maximum energy,
as shown in Fig. C.1 and C.2 for locations CRY.TCP.V and CRY.TCP.H,
respectively.
The location CRY.TCP.V features:
• An α significantly different from 0 with respect to the chosen installation
position (section 8.4), i.e. farther from a plateau of the β function.
• At maximum energy energy the angular cut applied by the vertical TCSG
of about 10 µrad.
• At injection energy the angular cut applied by the vertical TCSG of
about 40 µrad.
Thus, by comparison with what is reported in section 8.4, the result is
worse confinement of the entire extracted beam spot with an adequate im-
pact parameter on the TCSG.D4L7.B1 at injection energy (i.e. at least 60
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Figure C.1: Semi-analytical studies regarding the crystal location CRY.TCP.V:
(top) at 7 TeV, (bottom) at 450 GeV. Same notation as in Fig. 8.3.
µrad crystal bending would be required), and in a more more radioactive en-
vironment with respect to the other candidate location. Therefore position
CRY.TCSG.V in Table 8.5 was preferred.
Very similar considerations apply to location CRY.TCP.H in Fig. C.2.
Thus, for the same reasons discussed for the vertical crystals, position CRY.TCSG.H
in Table 8.5 was preferred.
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Figure C.2: Semi-analytical studies regarding the crystal location CRY.TCP.H:
(top) at 7 TeV, (bottom) at 450 GeV. Same notation as in Fig. 8.3.
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